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PREFACE

This handbook, Induced Environmental Factors, is the third in a scries on the nature
and effects of the environmental phenomena. As the title implies, the handbook addresses
a set of induced environmental factors which, for the purpose of this text, comprise:
Atmospheric Pollutants
Sand and Dust
Vibration
Shock
Acceleration
Acoustics
Electromagnetic Radiation
Nuclear Radiation.

These particular factors were chosen as best representing the needs of the design
engineer. It is recognized that this set is arbitrary and that natural forces contribute,
sometimes in a major way, to these environmental parameters.

The information is organized as follows:

a. Description of the factor, its measurement, and its distribution

b. Description of the effects of the factor on materiel and the procedures for design
so as to avoid or reduce adverse effects

¢. Enumeration of the testing and simulation procedures that assure adequate design.

Thus, the design engineer is provided with a body of practical information that will
enable him to design materiel so that its performance during use is not affected seriously
by the environment. It is impractical to acknowledge the assistance of each individual or
organization which contributed to the preparation of the handbooks. Appreciation,
however, is extended to the following organizations and through them to the individuals
concerned:

Frankford Arsenal

US Army Engineer Topographic Laboratories

US Army Tank-Automotive Command

. US Army Transportation Engineering Agency

Atmospheric Sciences Laboratory, US Army Electronics Command.

The handbook was prepared by the Research Triangle Institute, Research Triangle
Park, NC—for the Engineering Handbook Office of Duke University, prime contractor to
the US Army Materiel Command—under the general direction of Dr. Robert M. Burger.
Technical guidance and coordination were provided by a committee under the direction
of Mr. Richard C. Navarin, Hq, US Army Materiel Command.

The Engineering Design Handbooks fall into two basic categories, those approved for
release and sale, and those classified for security reasons. The US Army Materiel Com-
mand policy is to release these Engineering Design Handbooks in accordance with current
DOD Directive 7230.7, dated 18 September 1973. All unclassified Handbooks can be
obtained from the National Technical Information Service (NTIS). Procedures for acquir-
ing these Handbooks follow:

Bae o a0 o

o oo o

a. All Department of Army activities having need for the Handbooks must submit
their request on an official requisition form (DA Form 17, dated Jan 70) directly to:

Commander

Letterkenny Army Depot
ATTN: AMXLE-ATD
Chambersburg, PA 17201
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(Requests for classified documents must be submitted, with appropriate “Need to Know”
justification, to Letterkenny Army Depot.) DA activities will not requisition Handbooks
for further free distribution.

b. All other requestors, DOD, Navy, Air Force, Marine Corps, nonmilitary Govern-
ment agencies, contractors, private industry, individuals, universities, and others must
purchase these Handbooks from:

National Technical Information Service
Department of Commerce
Springfield, VA 22151

Classified documents may be released on a “Need to Know” basis verified by an official
Department of Army representative and processed from Defense Documentation Center
(DDC), ATTN: DDC-TSR, Cameron Station, Alexandria, VA 22314,

Comments and suggestions on this Handbook are welcome and should be addressed
to:
Commander
US Army Materiel Development
and Readiness Command
ATTN: DRCRD-TV
Alexandria, VA 22333

(DA Forms 2028, Recommended Changes to Publications, which are available through
normal publications supply channels, may be used for comments/suggestions.)
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CHAPTER 1

INTRODUCTION

This handbook, containing information on eight in-
duced environmentalfactors, is Part Three of the Envi-
ronmental Series of Engineering Design Handbooks.
The complete series includes:

Part One, Basic Envimnmental Concepts, AMCP
706-115

Part Two, Natural Environmental Factors, AMCP
706-116

Part Three, Induced Envimnmental Factors (this
part), AMCP 706-117

Part Four, Life Cycle Environments, AMCP 706-118

Part Five, Envimnmental Glossary, AMCP 706-119.

The environmental factors included in this hand-
book —atmospheric pollutants, sand and dust, vibra-
tion, shock, acceleration, acoustics, electromagnetic
radiation, and nuclear radiation—are those that are
derived primarily from human activities. It is apparent,
however, that natural forces contribute, sometimes in
a major way, to the effects of these environmental
parameters. For example, many air pollutants are pro-
duced by nature. These include sulfur oxides and dust
from volcanic activities, hydrocarbons from decaying
vegetation and other organic materials, and the smoke
and vapors emanating from naturally occurring, forest
fires. Large quantities of sand and dust are also pro-
duced naturally but, in this case, it was decided that the
sand and dust derived from human activitics was more
important in its effects on materiel than that of natural
origin. Vibration, shock, and acceleration are less in-
fluenced by nature although the extremely destructive
forces of carthquakes would be classified with these
factors, as would forces associated with winds and
waves. Natural contributionsto the acoustical environ-
mental factor are primarily associated with meteoro-
logical disturbances such as thunderstorms or with vol-
canic activity. The natural background electromagnetic
radiation can reach a destructive magnitude in the case
of lightning, but otherwise is overshadowed by artificial
sources.

Each of these induced environmental factors is also
influenced greatly by natural environmental factors.
Rain will wash many pollutants from the atmosphere
or winds will disperse them; rain or humidity will sup-
press sand and dust; and the other induced environ-
mental factors are influenced by temperature, humid-
ity, or other natural phenomena.

Because these induced environmental factors are
derived from human activities, they are subject to con-
trol. Each of them can be c¢liminated by eliminating its
source, but this is not usually desirable. The various
mechanical factors associated with transportation of
materiel cannot be completely eliminated without also
halting transportation. Electromagnetic radiation in
the environment cannot be eliminated without sacrific-
ing radio and television broadcasting, many communi-
cation links, power-distribution networks, or medical
diagnostic equipment. Thus it is with each of the in-
duced environmental factors. The benefits derived from
the sources of cach factor are such as to outweigh the
detrimental effects of that factor; therefore, the empha-
sis must be on reducing such effects.

The effects of environmental factors may be reduced
either by reduction at the source or by protective meas-
ures employed in design. Source reduction is particu-
larly obvious in the consideration of air pollutants;
hence, it is presently being vigorously attempted in the
United States. The magnitude of sand and dust effects
can be greatly reduced by paving road surfaces and by
encouraging natural ground cover. The reduction of
vibration, shock, and acceleration is accomplished by
giving attention to the source. Thus, in the transporta-
tion system where many of these mechanical forces are
found, the use of improved suspensions, roadbeds, and
vehicle-operating techniques are effective for reducing
these forces. Noise is now recognized as a form of
environmental pollution, and noise suppression tech-
nology is rapidly advancing. Electromagnetic radiation
may be reduced either by proper shiclding of radiating
sources or by improved broadcasting and detection
technology. The nuclear radiation environment is
primarily associated with the use of nuclear weapons,
nuclear power reactors, and nuclear instrumentation.
In all of these applications the nature of the expected
radiation is carefully considered, and, when necessary,
protection is provided.

Materiel can be protected very adequately from the
effects of many induced environmental factors. Thus,
the effects of air pollution may be reduced by proper
choice of materials, better surface coatings, or by prov-
iding hermetic enclosures for sensitive items. Protec-
tion against the effectsof sand and dust follow much

1-1



AMCP 706-117

the same procedure, with the sealing of sensitive items
from sand and dust being most effective. In other cases
it is necessary to provide more resistant surface coat-
ings or operationally to avoid sand and dust exposure.
The design of shock mounts, cushioning materials, and
packaging techniques allows the protection of many
materiel items from.vibration, shock, or acceleration.
However, since it is impossible to avoid completely
such forces, the mechanical engineer has learned how
to compensate or design for such forces. Personnel, on
whom the acoustical factor has the most effect, can be
protected from such effects with acoustical insulation,
ear protectors, or similar devices. Methods to protect
materiel from the effects of acoustics are very similar
to those employed to protect against vibration. Electro-
magnetic and nuclear radiation protection of materiel
is dependent primarily upon shiclding and hardening
technology. In the first case the design engineer at-
tempts to prevent such radiation from entering into
sensitive regions of the design, while in the second in-
stance the engineer attempts to provide designs that
will not be affected by such radiation.

All information on the induced environmental fac-
tors is not included in this handbook. A prominent
example of such limited treatment is vibration. A var-
iety of texts, journals, and other information sources
deal with vibration in all of its many aspects. Only such
information on vibration as is deemed of particular
importance to the military design engineer is included.
Even with this limitation, it is apparent that a number
of omissions have occurred. These result primarily
from cfforts to obtain a coherent presentation within
the limitations of time and effort.

The nature of the data presented varies considerably
among the various induced environmental factors. The
amount of information available on electromagnetic

1-2

radiation, nuclear radiation, or vibration exceeds that
available on sand and dust, acceleration, or acoustics
by orders of magnitude. However, a very brief presen-
tation is provided on nuclear radiation because of its
classified nature and because of the extensive treatment
given to it in other Engineering Design Handbooks—
specifically, AMCP 706-235 and AMCP 706-335
through -338.

It is only in the laboratory that the effect of a single
environmental factor can be ascertained. In any real
situation a large number of environmental factors act
in concurrence and often in synergism. However, for
the induced environmental factors, the effects of any
onc or all of them can usually be reduced to a level
where they have no detectible effect. Likewise, a num-
ber of the natural environmental factors may be con-
trolled to where their effect is minimal. Thus, effects of
terrain, solar radiation, rain, solid precipitation, fog,
wind, salt, ozone, macrobiological organisms, and mi-
crobiological organisms may be e¢liminated in a con-
trolled environment. However, the effects of tempera-
ture and humidity are always present and constitute a
controllable factor.

In any ficld exercise involving materiel, a larger sct
of environmentalfactors is always present. The particu-
lar factors in the set vary with time, place, and opera-
tional modes. The selection of the factors that describe
a given environment constitutes a definition of the test
or operating environment.

In the various chapters of this handbook, the Inter-
national System of Units (SI) is preferred. Often, how-
ever, available data and practical considerations have
made it necessary to present data in units that are not
part of this system. In some cases, data may be given
in several sets of units in order to relate the less familiar
units to those that have been in common usage.
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CHAPTER 2

ATMOSPHERIC POLLUTANTS

2-1 INTRODUCTION AND
DEFINITIONS

The atmosphere of the carth is a gascous envelope
consisting mostly of nitrogen, oxygen, and water vapor.
This blanket of air is finite and is almost completely
contained within the troposphere, that layer of the at-
mosphere extending from the surface of the earth to an
altitude of about 10 mi in the tropics and 6 mi in the
temperate zone. Approximately one-half of all the air
lies within 3.5 mi of the surface of the carth (Ref. 1).

The composition of the atmosphere has undergone
great qualitative and quantitative changes since the earth
was first formed (Ref. 2) and continues to undergo
change; therefore, it is necessary to define or specify
‘normal’ air in order to discuss atmospheric pollution.
Tebbens (Ref. 3) combined recently collected data from
various researchers and presented the contents of Table
2-1 as representing good estimates of the concentrations
in parts per million (ppm), by volume, of the major and
several minor gasecous components of the normal dry
atmosphere of the carth at the surface level.

Normal air contains water vapor in addition to the
gases listed in Table 2-1. Water vapor content varies at
100 percent relative humidity from about 100 ppm at
—40°F, to about 70,000 ppm at 100°F (Ref. 1).

Air pollution is a complex and diverse problem. It
may be defined as the presence of foreign matter sus-
pended in the atmosphere in the form of solid particles,
liquid droplets, gases, or in various combinations of
these forms in sufficient quantities to produce undesira-
ble changes in the physical, chemical, or biological
characteristics of the air (Ref. 4).

Atmospheric pollutants exhibit a variety of undesira-
ble effects on the environment and its inhabitants.
Some of the most obvious of these effects are (1) annoy-
ance to the senses, (2) impairment of visibility and
darkening of the sky, (3) soiling, (4) impairment to
health of human beings and other animals, {5) damage
to vegetation, and (6) damage to materials (Ref. 5). A
great number of elements and compounds have been
identified as atmospheric pollutants but some of them
are not distributed widely in the atmosphere. Rather,
they are characteristic of a particular arca usually be-
cause of some specialized industrial process being per-

TABLE 2-1. CONCENTRATIONS OF GASES
COMPRISING NORMAL DRY AIR
Gas Concentration, ppm

Nitrogen 780,900
Oxygen 209,400
Argon 9,300
Carbon dioxide 315
Neon 18
Helium 52
Methane 1.0-1.2
Krypton 1
Nitrous oxide 0.5
Hydrogen 0.5
Xenon 0.08
Nitrogen dioxide 0.02
Ozone 0.01 -0.04

formed in that area. The Environmental Protection
Agency (EPA) now monitors over 40 atmospheric pol-
lutants, recognizing that, in sufficient quantities, any
one or combination of these pollutants would prove
detrimental to the health and/or welfare of people.

Most discussion of air pollution tends to emphasize
one of the first four of the listed effects because they are
more readily perceived and understood than are effects
on vegetation and materials. However, the increased
rate of deterioration of materials resulting from atmos-
pheric pollution is a significant economic factor in any
heavily industrialized area. This chapter focuses on
those air pollutants to which most of the material dam-
age can be attributed.

Direct damage to structural metals, surface coatings,
fabrics, and other materials is related to many types of
pollutants. However, the majority of damage is at-
tributable to acid gases (e.g., SO., SO., and NO,), oxi-
dants of various kinds, hydrogen sulfide, and particu-
late matter (Ref. 6).

Table 2-2 (Ref. 7) summarizes the material catego-
rics, how they are affected by atmospheric pollutants,
and the specific pollutants involved. From this table it
can be seen that the majority of damage is done by a
relatively few pollutants in synergism with such envi-

21
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TABLE 2-2,. AIR POLLUTION DAMAGE TO VARIOUS MATERIALS

; Typical
Materials manifestat ion
Metals Spoilage of
surface, loss
of metal,
tarnishing
Building Discoloration,
materials leaching
Paint Discoloration,
softened
finish
Leather Powdered
surface,
weakening
Paper Embrittlement
Texti1es Reduced tensite
strength,
spotting
Dyes Fading
Rubber Cracking,
weaken ing
Ceramics Changed surface

appearance

Measurement

Principal
pollutants

Other environ-
mental factors

Weight gain of corrosion products,
weight loss after removal of corro-
sion products, reduced physical
strength, changed reflectivity or
conductivity

Not usually measured quantitatively

Not usually measured

Observation, loss of tensile strength

Decreased folding resistance
Reduced tensile strength, altered.
fluidity

Fading by reflectance measurements

Loss in elasticity, increase in depth
of cracks when under tension

Changed reflectance measurements

SO2 » acid gases

502, acid gases,
sticky par-
ticulates

SO2 s HZS s

sticky par-
ticulates

502 » acid gases

502 » acid gases

502 » acid gases

NO2 , oxidants,

Oxidants, O3

Acid gases

Moisture,
temperature

Moisture ,
freezing

Moisture,
fungus

Physical
wear

Sunlight

Moisture,
sunlight,
fungus

Sunlight,
moisture

Sunlight

Moisture

LL0L dONWY



ronmental factors as moisture, temperature, and sun-
light.

Design engineers concerned with military materiel
must have knowledge (I air pollutants for several rea-
sons. First, materiel is stored and used in a polluted
atmosphere. that can adversely affect the performance
of certain items of materiel. Second, personnel must
sometimes be provided with materiel to negate the ef-
fect of atmospheric pollutants. Finally, the military
establishment and other Federal agencies have been
directed to design, operate, and maintain equipment,
vehicles, and other facilities so as to minimize pollutant
emissions.’

Certain classes of pollutants are listed below with
introductory comments about each:

(1) Gaseous sulfur pollutants. Sulfur pollutants are
responsible for a significant fraction of both past and
present air pollution problems. As can be seen from
Table 2-2, sulfur dioxide (SO,) is the most frequently
listed principal air pollutant causing damage to the dif-
ferent materials. The oxides, sulfur dioxide (SO,) and
sulfur trioxide (S0, ); the corresponding acids, sulfurous
acid (H, SO, ) and sulfuric acid (H, SO, ); and the salts of
these acids are recognized as atmospheric pollutants. By
far the most prevalent, and the one that will receive the
most attention in this chapter, is sulfur dioxide. The
ratio of the atmospheric concentration of sulfur dioxide
to sulfur trioxide has been estimated to be about 100 to
1 (Ref. 3). Sulfur trioxide emitted into the atmosphere
reacts almost immediately to form sulfuric acid. There-
fore, sulfur trioxide in the atmosphere is generally in
particulate form as sulfuric acid droplets and is discussed
in the paragraph on particulate matter.

Another gascous sulfur pollutant is hydrogen sulfide
(H,S). An occasional air contaminant, it is almost al-
ways associated with some specific incident or isolated
source. The importance of hydrogen sulfide as an air
pollutant stems from its unpleasant odor even at low
concentrations, and its ability to tamish silver and to
darken leadbased paints.

(2) Gaseous nitrogen pollutants. 1n the early 1950’s,
the photochemical smog reaction was identified as a
significant air pollution factor in a large number of
major urban arcas. This has focused attention on the
role of nitrogen oxides in urban air pollution. Of the
various oxides of nitrogen, the most important as air
pollutants are nitric oxide (NO) and nitrogen dioxide
(NO,). Nitrous oxide {N,0) is the only other oxide of

1. Executive Order 11507 Prevention, Control, and Abatement
of Air and Water Pollution at Fcderal Facilities.
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nitrogen present in the atmosphere in measurable con-
centrations (Ref. 8). It is not generally considered a
pollutant because there is no evidence that nitrous ox-

idg js involved in photochemical reactions. The term
NO, is used to represent the composite concentration

or emissions of NO and NO..

Ammonia gas (NH,) is normally present in trace
amounts. High atmospheric concentrations of ammonia
arc usually associated with accidental release of the gas
from an industrial source. The maximum measured
concentration of 3 ppm (before 1956)is below the level
known to produce any significanteffect (Ref. 3).

Ammonium (NH,) and nitrate (NO,) compounds
are present as aerosols and are treated as particulate
matter.

(3) Carbon monoxide. Carbon monoxide (CO) is
the most abundant and widely distributed air pollutant
found in the atmosphere (Ref. 9). Total emissions of
carbon monoxide to the atmosphere exceed those of all
other pollutants combined. Interest as an air contami-
nant is focused on its known toxic properties.

The increased use of the internal combustion engine
and the development of a number of technological pro-
cesses wherein carbon monoxide is produced have in-
creased ambient carbon monoxide concentrations in
the last several decades. Carbon monoxide pollution no
longer is confined to buildings or work environments
but includes the ambient air in cities.

(4) Gaseous hydrocarbons. Hydrocarbon molecules
consist of atoms of hydrogen and carbon only. If there
are fewer than four carbon atoms per molecule, the
hydrocarbons are gaseous at ordinary temperatures.
Those with more than four carbon atoms per molecule
are liquids or solids in the pure state. Methane (CH))
usually accounts for at least 50 percent of the total
hydrocarbons in the atmosphere. It is the nonmethane
hydrocarbon content that is of most interest in air pollu-
tion since methane is photochemically inactive. Gener-
ally, principal effects are not caused by hydrocarbons
directly, but by compounds derived from atmospheric
reactions of hydrocarbons and their derivatives with
other substances (Ref. 10). Therefore, an appraisal of
the effects of atmospheric hydrocarbon pollution is
made relative to the damage resulting from the second-
ary pollutants.

(5) Photochemical oxidants. Sunlight-induced at-
mospheric reactions involving hydrocarbons and ox-
ides of nitrogen produce new compounds (seccondary
pollutants) referred to as oxidants (Ref. 11). The second-
ary pollutants produced in this manner include ozone,

2-3
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formaldehyde, organic hydroperoxides, peroxyacetyl
nitrates, and several aldehydes (Ref. 6). The two oxi-
dants of primary concern as air pollutants are ozone
and peroxyacetyl nitrate (PAN). A complete chapter
(Chap. 12 of Part Two) is devoted to the treatment of
ozone because of its importance. PAN is known to have
a detrimental effect on vegetation and certain micro-
organisms but unlike ozone does not affect materials
such as natural rubber.

(6) Particulate matter. Acrosols arc defined as dis-
persed, solid, or liquid matter in a gaseous medium, in
this case, air. The particle sizes in the atmosphere range
from individual aggregates larger than a single small
molecule (about 0.002 um in diameter) up to particles
about 500 um in diameter. Because many of the prop-
erties of particles are a function of size, they are usually
classified by size intervals. Fig. 2-1 (Ref. 12) relates
meteorologic nomenclature for aerosols to the particle
sizes. In this chapter, particle size, unless otherwise
specified, will refer to particle diameter or Stokes'
diameter. This discussion of size classes should not
obscure the fact that there is a continuous spectrum of
sizes among the particles in the atmosphere and a cor-
responding continuous graduation of all their size-
dependent propertics.

2. A general reference for this paragraph is Ref. 13.

Particulate matter damages materials by any one of
five mechanisms — abrasion, soiling, direct chemicalac-
tion, indirect chemical action, and electrochemicalcor-
rosion.

2-2 PROPERTIES OF ATMOSPHERIC
POLLUTANTS
221 SULFUR DIOXIDE?

At standard temperature and pressure sulfur dioxide
is a nonflammable, nonexplosive, colorless gas. At con-
centrations above 0.3 to 1 ppm in air, most people can
detect it by taste; in concentrations greater than 3 ppm,
it has a pungent, irritating odor. The gas is highly
soluble in water: 113 g/100 ml at 20°C, as compared to
0.004, 0.006, 0.003, and 0.169 g/100 ml for oxygen,
nitric oxide, carbon monoxide, and carbon dioxide, re-
spectively. The physical properties of sulfur dioxideare
listed in Table 2-3 (Ref. 13).

Sulfur dioxide at room temperature can act as a re-
ducing agent or as an oxidizing agent. In the atmos-
phere sulfur dioxide reacts cither photochemically or
catalytically with various other atmospheric pollutants
to form sulfur trioxide, sulfuric acid, and salts of sulfu-
ric acid.
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TABLE 2-3.
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PHYSICAL PROPERTIES OF SULFUR DIOXIDE

Molecular weight

Density (gas), g/liter
Specific (liquid) gravity
Molecular volume (liquid), ml
Melting point, °C

Boiling point, °C

Critical temperature, °C
Critical pressure, atm

Heat of fusion, kcal/mole

Heat of vaporization, kcal/mole

Dielectric constant (practical units)

Viscosity, dyn s/cm2

Molecular boiling point constant, °C/100 g

Dipole moment, debye units

64.06
2.927 at 0°C;
1.434 at -10°C
44
-75.5
-10.0
157.2
77.7
1.769
5.96
13.8 at 14.5°C

0.0039 at 0°C

1.45
1.61

1 atm

Sulfur dioxide oxidizes hydrogen sulfide to form ele-
mental sulfur and water. This is known as the Claus
reaction and generally utilizes a catalystto increase the
rate of reaction.

2H,S +S0, = 2S + 2H,0 (2-1)

As a reducing agent at room temperature, in the pres-
ence of such catalysts as finely divided platinum, char-
coal, vanadic oxide, graphite, chromic oxide, ferric ox-
ide, or the nitrogen oxides, the gas will react with
oxygen to form sulfur trioxide.

SO, + 1/20, SO, (2-2)

catalyst

In the presence of oxygen and moisture, and with
ferrous sulfate (FeSO,) as a catalyst, sulfur dioxide is
oxidized directly to sulfuric acid.

H,O +

SOz +1/20: 1056+ motsture HeSO,
(2-3)

H,0, +S0, ~ H,S0,(agueous)

Also, some metal oxides will oxidize sulfur dioxide
directly to the corresponding sulfate. Magnesium oxide
(Mg0O), ferric oxide (Fe,0,), zinc oxide (ZnO), man-
ganic oxide (Mn,0;), cerous oxide (Ce,0;), and cupric
oxide (CuQ) are examples.

4MgO + 450, — 3MgSO, + MgS  (2-4)

Four reactions utilized for determining the concentra-
tion of atmospheric sulfur dioxide are:

(1) The oxidization of sulfur dioxide by lead perox-
ide (PbO,) to form lead sulfate (PbSO,)

PbO, +S0, ~ PbSO, (2-5)

(2) The use of hydrogen peroxide (H,0,) to oxidize
sulfur dioxide to sulfuric acid, the amount of which is
determined conductometrically or by titration

(2-6)
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(3) The reaction of sulfur dioxide with iodine in an
aqueous starch solution to form sulfuric acid and hy-
drogen iodide (the degree of decolorization of the
starch iodine mixture is directly related to the sulfur
dioxide concentration)

(4) The reaction of sulfur dioxide with water to
form sulfurous acid (H,S0,)

SOZ + HzOT:! HzSO3 (2—7)

Sulfurous acid reacts directly with many organic dyes
to change their color, a properg that is used by the
West-Gaeke method.

2-2.2 HYDROGEN SULFIDE

Hydrogen sulfide has a density of 1.539 g/1 and a
specific gravity of 1.1895 (S.G. of air = 1), a melting
point of —82.9°C, and a boiling point of —59.6°C.

Hydrogen sulfide is notorious for its rotten-egg odor.
It is as poisonous as hydrogen cyanide and four times
as poisonous as carbon monoxide (Ref. 14). Besides its
unpleasant odor, at low concentrations it has the ability
to darken some paint pigments (Ref. 7). The odor
threshold of hydrogen sulfide has been reported to be
lessthan 2 ppb, whereas the toxic level is well above 100
ppb. Because of the low odor threshold, most air pollu-
tion agencies have set low tolerance levels. For exam-
ple, the California Air Resources Board has fixed the
maximum tolerable level for hydrogen sulfide at 30 ppb
for 1 hr (Ref. 15).

Hydrogen sulfide released to the atmosphere is rap-
idly oxidized to sulfur dioxide by ozone. It is also oxi-
dized by sulfur dioxide to form elemental sulfur and
water (see Eq. 2-1). Hydrogen sulfide burns to produce
water and either sulfur or sulfur dioxide, depending on
the temperature and the oxygen supply. It is a mild
reducing agent and can, for example, reduce the ferric

ion to the ferrous ion.

2Fe*** +H,S(g) ~ 2Fe** +8(s) +2H*
(2-8)

3. A general reference forthis paragraph is Ref. 8.

2-6 ¢
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NITRIC OXIDE’

Nitric oxide (NO) is a colorless and odorless gas. It
is slightly soluble in water (7.34 ml of NO per 100 ml
water), has a melting point of —161°C, and a boiling
point of —151°C. It is the primary product formed
during high-temperature combustion processes when
atmospheric oxygen and nitrogen combine according
to the following endothermic reaction:

N, + 0, & 2NO (2-9)

2-2.4 NITROGEN DIOXIDE

Nitrogen dioxide (NO,) is a reddish-orange-brown
gas with a characteristic pungent odor. It has a specific
gravity relative to air of 1.448 at 20°C. The melting and
boiling points are —9.3°C and 21.3°C, respectively. The
low partial pressure of nitrogen dioxide in the atmos-
phere restricts it to the gas phase at usual pressures.
The nitrogen dioxide molecule contains an odd number
of valence electrons (five from the nitrogen and six
from each of the oxygens) and is, therefore, paramag-
netic. When nitrogen dioxide gas is cooled, the color
fades, and the paramagnetism diminishes. This is inter-
preted to mean that two nitrogen dioxide molecules
pair up (dimerize) to form a single molecule of nitrogen
tetroxide (N,0,). At the dilute concentrationsfound in
the atmosphere, nitrogen tetroxide cannot be present in
more than trace amounts; thus, this reaction is proba-
bly of minor importance. Nitrogen dioxide is corrosive
and highly oxidizing, and may be physiologically ir-
ritating and toxic.

Most of the atmospheric nitrogen dioxide occurs as
the product of the conversion of nitric oxide to nitrogen
dioxide in the atmosphere. A generally accepted mech-
anism to explain the reaction of nitric oxide with oxy-
gen to form nitrogen dioxide is

NO +0,= NO,, NO, +NO —~ 2NO,

(2-10)

The rate constants applicableto these reactions permit
significant formation of nitrogen dioxide only when the
nitric oxide concentration is in the range of 100 ppm
and above.

During daylight hours, atmospheric nitric oxide, ni-
trogen dioxide, and oxygen undergo a series of reac-
tions resulting in the cyclic formation and decompasi-
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FIGURE 2-2. Atmospheric Nitrogen Dioxide Photolytic Cycle

tion of nitrogen dioxide. This is referred to as the
nitrogen dioxide photolytic cycle and is pictured
schematically in Fig. 2-2. To initiate the cycle, ultravio-
let energy from the sun breaks one of the N-O bonds
in a nitrogen dioxide molecule producing nitric oxide
and atomic oxygen. The oxygen atom combines with
oxygen to form ozone (O,)that then reacts with the
nitric oxide molecule reforming nitrogen dioxide and
oxygen. The result, if there were no interfering reac-
tions, would be a rapid cycling of nitrogen dioxide with
no overall net effect. However, in the atmosphere the
interaction of hydrocarbons with the cycle increases
the rate of the nitric oxide to nitrogen dioxide conver-
sion and thereby unbalances the cycle in favor of nitro-
gen dioxide formation.

2-2.6 CARBON MONOXIDE

There are no known chemical reactions by which
atmospheric carbon monoxide is oxidized to carbon
dioxide in any appreciable quantitics. Two oxidation
reactions, although very slow, do occur in the lower

atmosphere. These reactions are the oxidation of car-
bon monoxide by oxygen

CO+0, = CO, +O (2-11)
and, in the presence of moisture,
CO +H,0 = CO, +H, (2-12)

These reactions occur more readily on the surfaces of
certain catalysts, usually metal oxides.

Carbon monoxide also can be oxidized by ozone and
nitrogen dioxide. The rate of reaction is very slow at
atmospheric temperatures and concentrations in the
case of ozone, and the reaction involving nitrogen diox-
ide requires such a high activation energy that it proba-
bly does not occur at all in the atmosphere.

In the upper atmosphere a small amount of carbon
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TABLE 24. PHYSICAL PROPERTIES OF CARBON MONOXIDE

Molecular weight
Melting point
Boiling point

Specific grav® 'y relative to air

Density

At 0°C, 760 mm Hg

At 25°C, 760 mm Hg
Explosive limits inxair
Solubility in water

At 0°C

At 25°C
Conversion factors

At 0°C, 760 mm Hg

At 25°C, 760 mm Hg

28.01

-207°C

-192°C
0.968

1.25 g/1
1.15 g/1
12.5-74.2% by volume

3.54 m1/100 ml
2.14 m1/100 ml

1mg/m3 0.800 ppm

0.874 ppm

1 mg/m°

*Volume of CO indicated is at 0°C, 760 mm Hg.

monoxide is formed by the photo-dissociation of car-
bon dioxide

CO, + hv(photon) -~ CO +0O (2-13)

The dissociation of carbon dioxide into carbon
monoxide is appreciable only above a height of 100 km
due to the rapid decrease in intensity of active ultravio-
let radiation below this level. Also, carbon monoxide
may be reformed by a three-body collision. Carbon
monoxide is a colorless, odorless, tasteless gas that is
slightly lighter than air. It does not support combustion
but is flammable and bums with a bright bluc flame.
The physical properties are given in Table 2-4 (Ref. 16).

2-2.6 HYDROCARBONS!*

From an air pollution point of view, the hydrocarbons
are important because of their involvement in photo-
chemical reactions. The secondary contaminants and
reaction intermediates account for nearly all the detri-
mental effects of hydrocarbon air pollution. Methane
(CH, ), the simplestand most predominant hydrocarbon,
does not react photochemically and is, therefore, usually

4. A general reference for this paragraph is Ref. 10.
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not considered a pollutant. Fiftysix hydrocarbon com-
pounds have been identified in urban air. Each com-
pound behaves in a different manner rendering an over-
view of the total atmospheric reaction process very
difficult. The chemistry of these reactions and their
products are not understood fully. However, the most
important features of the observed behavior of photo-
chemical air pollution can be explained.

Sunlight alone has no significant effecton hydrocar-
bons in the air. Hydrocarbons become involved in
photochemical processes because of their reactions
with atomic oxygen, excited oxygen, ozone, and free
radicals generated by the action of sunlight on other
atmospheric components. The speed with which photo-
chemical air pollutants are formed is related directly to
the rate of decrease in concentration of hydrocarbons.
However, because individual hydrocarbonshave differ-
ent reactivities, the hydrocarbon composition is con-
tinuously changing making it difficult to predict accu-
rately the rate of consumption of hydrocarbons in
photochemical reactions.

Fig. 2-3 (Ref. 1D indicates a direct relationship be-
tween early morning hydrocarbon concentration and
the maximum daily oxidant concentration; however,
duc to the techniques and assumptions used in the
analysis of these atmospheric data, a rigorous interpre-
tation is unwarranted.
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2-2.7 PEROXYACETYL NITRATE

Peroxyacetyl nitrate (PAN) is an unstable com-
pound whose known physical propertics are listed in
Table 2-5 (Ref. 11).

The exact mechanism of formation of PAN in the
polluted atmosphere is still somewhat uncertain. Fig.

24 (Ref. 17) shows that PAN does not appear in the
photolysis of polluted air until after the nitric oxide has
been reduced to a very low concentration, the nitrogen
dioxide has reached its maximum, and the ozone has
begun to build up in concentration. The concentration
variations of hydrocarbon and aldehyde are also
shown. Hydrocarbon is a prerequisite for PAN forma-

TABLE 2-5. PHYSICAL PROPERTIES OF PEROXYACETYL NITRATE

Physical state
Chemical formula

Molecular weight
Boiling point

Vapor pressure
at room temperature
Conversion factors

At 0°C, 760 mm Hg
At 25°C, 760 mm Hg

Colorless 1liquid
CH3C00N02

121

No true boiling point,
compound decomposes
before boiling

About 15 mm Hg
3

5398 ug m-
4945 pg m™3

1 ppm
1 ppm

29
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tion and aldehyde is a product of the reactions. The
data in Fig. 2-4 show that the quantitative formation of
P AN does not correlate with nitrogen dioxide or ozone
concentrations, but the data in Fig. 2-5 show that it
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does correlate very closely with the nitrogen trioxide
concentration.

One reaction that has been suggested as the final step
in atmospheric PAN formation is

0
CH,& - 0+ NO, ~ CH,@ - O - NO,
(2-14)

but this reaction has not been proved by experiment.
The mechanism of formation of PAN, then, is still
uncertain.

2-2.8 PARTICULATE POLLUTANTS

A sample of air from an urban atmosphere may con-
tain particles of fume, dust, soot, fibers, and liquid
droplets. Each particle is different in shape, size, and
composition, and has an individual history in the at-
mosphere with relation to mode of origin, growth, in-
teraction, and decay (Ref. 18).

2-2.8.1 Particle Size Distribution

Most of the available experimental and theoretical
information on the size distribution of atmospheric
acrosols indicates a continuous distribution of the form

n(») =dN/d(log v)=Ar"E, em™
(2-15)

where
#r) = log radius-number distribution,
cm™?

N = number per unit volume of
particles with radius smaller
than r, dimensionless

» = radius of particles, pm
log » = log,,r, dimensionless

A = constant that varies with

location

B = slope of the curve (dN/d(log 7

vs r) plotted on a log-log scale
The number distribution or number density some-
times requires explanation. Continuous distribution
curves are represented such that the number of parti-
cles in a size interval, say 47 is represented by the area
over this interval and not by the value of the ordinate.
For atmospheric particles, because of the wide range of

Il



sizes-and concentrations, it is necessary to use logarith-
mic scales. In Eq. 2-15, the number distribution /(7
multiplied by &log 7, the size interval, gives the num-
ber of particles in the size interval, di.

Fig. 2-6 (Ref. 19) shows a complete size distribution
of atmospheric acrosol from 0.01 to 100 pm particle
radius. This composite distribution has three different
slopes and two transition zones. The slopes are:

0.01 um —4dN/d(log r) = (Constant) r-2
2-30 um —dN/d(log r) = (Constant) r2.?
50-100 um —dN/d(log 1) = (Constant) r¢-s

This graph was constructed from various sets of
measurements made over an extended period of time
and in different types of atmospheric environments. It,
thercfore, does not represent any one type of atmos-
phere (i.e., urban, rural, ocean, etc.) but should be satis-
factory for making a first estimate of the size distribu-
tion of an aerosol sample collected by the high-volume
method.
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FIGURE 2-6. Complete Atmospheric Aerosol
Size Distribution
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Fig. 2-7 (Ref. 20) gives particle size distributions for
different altitudes. The measurements show a decrease
in concentration of particle sizes on both ends of the
distribution. This is consistent for higher altitudes (as-
suming older aerosols at higher altitudes), the theory
being that coagulation acts to reduce the concentration
of small particles, while sedimentationand rain remove
the larger particles.

2-2.8.2 Sorption

Surface properties include sorption, nucleation, and
adhesion. Sorption is a general term used to describe
the attachment of foreign molecules to a solid surface
regardless of whether adsorption, absorption, or some
combinationof these or other phenomena are involved.
Adsorption is a process whereby the molecules are at-
tracted and held to the surface of a solid. There are at
least two types of adsorption (Ref. 21). The first type is
known as van der Waals' adsorption or physical ad-
sorption. In this case the force of attraction is physical
in nature, involving an interaction between dipoles or
induced dipoles. Physical adsorption is reversible, so
that if the ambient pressure is reduced, the molecules
escape from the surface. The second type of adsorption
is referred to as chemisorption. This involves forces of
interaction between the adsorbent and the molecule
that are chemical in nature. These forces are much
stronger than those for van der Waals' adsorption, and
chemisorption is not reversible. For certain gas and
solid combinations, the van der Waals' adsorption may
pass over into chemisorption as the temperature is
raised.

2-2.8.3 Nucleation

A vapor (i.e., a gas below its critical temperature),
present in quantities comparable to its equilibrium va-
por pressure, may lead to a deepened sorbed layer on
atmospheric particles. This layer, as it thickens, takes
on the character of a layer of true liquid. If the vapor
is supersaturated, a droplet or crystal may grow by
further condensationon the sorbed layer. The net result
is heterogencous nucleation.

A pure vapor, free of particles, must be highly super-
saturated before a condensed phase will form from it,
becausean energy barrier separates the molecular from
the particulate state. Such nucleation is called homo-
geneous.

Two like molecules of gas will not generally stick
together, and an aggregate of three molecules is still less
likely to retain its identity for any length of time. A
small aggregate of molecules is therefore unstable. On

2-11
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FIGURE 2-7. Altitude Dependence of Particle Size Distribution

the other hand, when a particle is split in two, energy
is required to create the new surfaces, since the com-
bined surface area of the two fragments is greater than
that of the original particle (surface energy increases
with a decrease in size). At some point, these two trends
of decreasing stability meet at a maximum that corre-
sponds to a certain particle size, usually referred to as
the critical radius (Ref. 22). If a molecular aggregate
can reach this critical radius, the addition of a single
molecule puts it over the energy barrier and it will
become more stable by collecting still more molecules.
Conversely, the loss of a single molecule from a nucleus

212

of critical size can destroy its stability with the probable
result that it will return to the molecular or gascous
state.

The important point is that the only way by which
molecular aggregates for homogeneous nucleation can
be formed is by a chance succession of collisions that
result in a number of molecules sticking together. Such
an cvent is improbable, except for highly super-
saturated conditions, because the total binding force
exerted by small aggregates of molecules upon their
surface members is too small to counteract the thermal
motions tending to carry them away. However, when



a suitable surface is present, nucleation (condensation,
ice deposition, freezing) will occur on it and the energy
barrier to producing a droplet is avoided. Such surfaces
may be foreign particles (condensation nuclei, freezing
nuclei) or larger surfaces of foreign substances or of the
same substance. Since particles arc always present in
the atmosphere, nucleation on them is of widespread
occurrence.

2-2.8.4 Adhesion

The last of the surface properties of consequence is
adhesion. All available evidencesuggeststhat solid par-
ticles with diameters less than about 1 um (and liquid
particles regardless of size) always adhere when they
collide with each other or with a larger surface. Other
factors being equal, reentrainment or rebound becomes
increasingly probable with increasing particle size. Al-
ternatively, the adhesive property can be considered in
terms of the surface energy of small particles or in
terms of the more complex shear forces acting to dis-
lodge the larger particles.

2-2.8.5 Motion

Another major class of properties common to all
particles, regardless of composition, is the mode mo-
tion. The mass of a particle less than about 0.1 um in
diameter is so small that it experiences large randoimn
motions due to the buffeting action of individual mole-
cules. This oscillating behavior is known as Brownian
motion and increases in magnitude with decreasing
particle size. )

For particles between 0.1 and 1 pm in 4. eter, the
gravitational settling velocities become larger than
molecular impact velocities but are still small con-
pared to 'average air motions. The particle size for
which the two velocities are equal is the point of mini-
mum particle activity. It represents the most difficult
particle size to remove from the air. Particles larger
than 1pm have significant settling velocities, and their
motions can vary greatly from the motion of the ambi-
ent air.

Although actual settling times in the atmosphere
tend to differ from those computed from Stokes' Law,
because turbulence tends to offset gravitational fall, the
particles larger than § or 10 um to a large extent are
removed by gravity and other inertial processes. The
size distribution of a freshly generated acrosol may
contain particles as large as 500 um. These large parti-
cles settle rapidly. In the size range of approximately 5
to 10pm, significant time periods are required to effect

5. A general referenee for this paragraph is Ref. 23.
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FIGURE 2-8. Particle Size Dependence of Mean
Residence Time (Ref. 18)

climination from the distribution. Fig. 2-8 (Ref. 18)
shows a range for the mean time 7 that a particle re-
mains in the atmosphere as a function of particle size.

2-2.8.6 Optical Properties®
The optical properties of an aerosol vary with the
nature of the suspended material, being dependent on

its index of refraction and particle shape. However,
optical properties are influenced to a greater degree by

particle size. There are three light-scattering regimes of
interest. They are determined by a, the ratio of the
circumference of the particle to the wavelength of the
light A (a = 27#/A).

Particles less than about 0.1 wm {a 2 0.5) are much
smaller than the wavelength of light and scatter light
in all directions. This is referred to as Rayleigh scatter-
ing in which the intensity of light scattered per unit
illumination is proportional to r¢/A*. For particles in
the intermediate size range (i.e., between 0.1 and §
pm), the scattering pattern eases its symmetry and
becomes a complicated function of o and the angle of
observation with respect to the forward direction of
illumination. This function, known as the Mie scatter-
ing function, requires numerical solutions and is
beyond the scope of this discussion. Because the parti-
cle dimensions are of the same order of magnitude as
the wavelength of light, interference phenomena play a
complicating role, and a given scattering behavior may
correspond to several particle size distributions. For
the largest particles ( > § um) geometrical optics

2-13
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TABLE 2-6. COMPOSITION OF PARTICULATE EMISSIONS
(percent by weight)
Constituent Source*
1 2 3 4 5
F8203 89.1 7.1 9.6 3.7 2.0-26.8
51'02 0.9 36.3 18.8 9.7 17.3-63.6
A1203 0.5 25.7 7.1 149 9.81-58.4
MnO 0.6 0.2 <1
P205 0.5 <1 0.07-47 .2
S/SOZ/Sulfates 0.4 8.0 250 0.12-24.33
Ca0 8.8 409 <1 0.12-14.73
Mg0 1.4 2.8 2.5 0.06-4.77
Na20/K20 10.4 8.4 3.0 3.0-3.9
TiO2 0.9 0.1 <1 0-2.8
V203 4.7
C 184 0.37-36.2
Carbonate (C03) 0-26
Ether soluble 4.4

*Source identification:

MR .

plus diffraction effects apply, with scattering propor-
tional to 72

2-2.8.7 Composition

The chemical composition of particulate pollutants
dependson the source from which they are derived and
is highly variable. Data derived from various emission
sources are given in Table 2-6 (Ref. 12).
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Open-hearth furnaces
Incineration

Cement plants

Fuel oil combustion
Coal combustion

SOURCES OF ATMOSPHERIC
POLLUTANTS

2-3

Natural phenomena such as volcanic eruptions,
carthquakes, forest fires, and biological processes con-
tribute to atmospheric pollution. The vast majority of
air pollution, however, is derived from man-made
sources. Fig. 2-9 (Ref. 4) gives the primary sources of
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air pollution in the United States, the percentage of
total emissions for each source, and the weight of emis-
sions in tons/year for cach source. Also, Fig. 2-10 (Ref.
4) gives the yearly weight of emissions over the United
States for the five most common pollutants. 1t should
be noted that all other pollutants combined account for
only 2 percent by weight of total emissions.

The five major classes of pollutants, with a descrip-
tion of the sources of each, are described in paragraphs
that follow.

2-3.1 GASEOUS SULFUR POLLUTANTS
Sulfur compounds in the atmosphere come from
both the natural environmentand from urban pollution
sources. Of the common atmospheric sulfur pollutants,
sulfur dioxide (SQO,), sulfur trioxide (SO,), and hydro-
gen sulfide (H,S) originate from pollutant sources
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FIGURE 2-10. Volume of Atmospheric Pollutants
by Type in the United States
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while hydrogen sulfide and sulfate compounds are pro-
duced in the natural environment (Ref. 24).

Sulfur dioxide pollution results principally from the
combustion of fossil fuels, the refining of petroleum,
the smelting of sulfur-containingores, the manufactur-
ing of sulfuric acid, the burning of refuse, papermaking,
and the burning or smoldering of coal refuse banks. In
all these processes a small amount of sulfur trioxide or
sulfuric acid is also emitted. For example, combustion
of the fuel in power plants forms sulfur oxides in the
ratio of from 40 to 80 parts of sulfur dioxide to 1part
of sulfur trioxide (Ref. 13). The estimate of worldwide
emissions of gaseous sulfur dioxide per year is 80 mil-
lion tons (Ref. 25).

Naturally occurring sulfur compound emissions in-
clude sulfate acrosols produced in sea spray, and hy-
drogen sulfide from the decomposition of organic mat-
ter in swamp areas, bogs, and tidal flats. Volcanic
activity and industrial emissions are minor sources of
hydrogen sulfide (Ref. 24). The emission rate of hydro-
gen sulfide from natural sources has been estimated as
high as 300 million tons per yr (Ref. 25).

Table 2-7 (Ref. 13) presents the major emission
sources and quantities of sulfur dioxide released to the
atmosphere for the years 1963 and 1966 in the United
States.

Using 1967 U S Statistical Abstracts from the U S
Government Printing Office and air pollution emission
factors from the U S Public Health Service, the annual
worldwide pollution emissions of sulfur dioxide were
estimated to be 146 X 10° tons in 1965. Also, previous
estimates have been quoted as 69 X 10° tons in 1937
and 78 X 10° tons in 1940 (Ref. 24).

2-3.2 CARBON MONOXIDE

Carbon monoxide emission exceeds that of all other
contaminants combined. Worldwide emissions are es-
timated at 200 million tons per yr (Ref. 25). It is thus
regarded as one of the prime indicators of air pollution.
Motor-vehicle exhaust emissions are responsible for
over 58 percent of the total carbon monoxide emitted
into the atmosphere (Ref. 16). Carbon monoxide emis-
sions estimates by source and by weight for the United
States in 1968 are given in Table 2-8. The total estimate
of 1016 million tons is considerably more than the
yearly discharge rate given in Fig. 2-10 which probably
represents a yearly average extending over several
years.
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TABLE 2-7. ATMOSPHERIC SULFUR DIOXIDE EMISSIONS IN 1963 AND 1966 BY SOURCE (U.S.)

Sulfur dioxide*

1963 1966
Process Percent of Percent of
Tons total Tons total
emissions emissions
Burning of coal :
Power generation (211,189,000 tons, 1963 data)------ 9,580,000 41.0 11,925,000 41.6
Other combustion (112,630,000 tons-, 1963 data).:--:-- 4,449,000 19.0 4,700,000 16.6
SUBLOTAL #+ ramrrmrrnrsnmssnsnnnsnnssnsnnnssnsnnns 14,029,000 60.0 16,625,000 58.2
Combustion of petroleum products:
Residual 01l vuviiiiineinii e it irnrnnnnnnnnnnsannns 3,703,000 15.9 4,386 ,000 15.3
Other Products »s==s=ssrssrassnsnnsansrarsanannnnnnns 1,114,000 4.8 1,218,000 4.3
SUBTOTAL + v eeeeeeneeeensaneneeseranneenennnn 4,817,000 20,7 5,604,000 196
Refinery operations ..vevececverrerernrnrnrnsrarararanas 1,583,000 6.8 1,583,000 5.5
Smelting of Ores.. ..viiiiiii it iia i rinannnarnnnas 1,735,000 7.4 3,500,000 12.2
CoKE PrOCESSIIZ = rrrrrrrrrrressessassessennaannannannns 462.000 2.0 500,000 1.8
Sulfuric acid manufacture.. ««rererereriraririiiiinan, 451,000 1.9 550,000 1.9
Coal refuse banks --+-sreseesesrarcnmansanannannnnasnnnns 183,000 0.8 100,000 04
Refuse iNCiNeration seseerasencnananarasannsnsasansnnnnns 100,000 0.4 100,000 0.4
Total EmiSSiONns «««xxreerruerrnnarmnarmnaannnarnnnnn 23,360,000 100.0 28,562 ,000 100.0

A small amount of this tonnage is converted to sulfuric acid mist before discharge to the atmosphere. The
rest is eventually oxidized and/or washed out. Only under unusual meteorological conditions does accumulation

occur.

£ZL1-90L dOWY
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TABLE 2.8. CARBON MONIXIDE EMISSION ESTIMATES BY SOURCE CATEGORY
(In US. - 1968)
Emissions
Source 6
10° tons/yr Percent
Transportation 63.8 62.8
Motor vehicles 59.2 58.2
Gasoline 59.0 58.0
Diesel 0.2 0.2
Aircraft 2.4 2.4
Vessel s 0.3 0.3
Rai Iroads 0.1 0.1
Other nonhighway use of motor
fuels 1.8 1.8
Fuel combustion-stationary 1.9 1.9
Coal 0.8 0.8
Fuel oil 0.1 0.1
Natural gas N N
Waod 1.0 1.0
Industrial processes 11.2 11.0
Solid waste disposal 7.8 7.7
Mscellaneous 16.9 16.6
Mmn -made 9.7 9.5
Forest fires 7.2 7.1
Total 101.6 100.0

N = Negligible

2-3.3 NITROGEN OXIDES

The major component of worldwide atmospheric ni-
trogen oxides (NO,) is biologically produced nitric ox-
ide (NO) (Ref. 8). Nitrogen dioxide (NO,) and nitric
oxide are the major nitrogen oxides emitted from man-
made sources. Combustion processes in which the tem-
peratures are high enough to fix the nitrogen in the air
and in which the combustion gases are cooled rapidly
enough to reduce the subsequentdecomposition are the
primary cause of technology-associated NO, emissions
(Ref. 26). It is estimated that the ratio between man-
made and natural emissions of nitrogen oxides is almost
1 to 15. Table 2-9 (Ref. 8) summarizes the man-made
sources and emission levels of nitrogen oxides in the
United States for the year 1968. Stationary sources and
motor vehicles account for over 83 percent of the total

emissions. Global emissions of nitrogen dioxide from
combustion processes are estimated at 52.9 X 10° tons
per yr and nitric oxide produced by biological action at
501 X 10° tons per yr (Ref. 26).

2-3.4 HYDROCARBONS (Ref. I0)

Methane is the predominant hydrocarbon emitted to
the atmosphere from natural sources. All anaerobic
bacterial decomposition of organic matter in swamps,
lakes, marshes, and sewage produces hydrocarbons.
The production rate of methane from natural sources
has been estimated at more than 3 X 10° tons per yr.
Volatile terpenes and isoprene constitute a scparate
class of hydrocarbons produced by natural sources.

The natural emission rates of these hydrocarbons have
been estimated at 4.4 X 10® tons per yr. The total

217
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TABLE 2-9. SUMMARY OF NATIONWIDE NITROGEN OXIDES EMISSIONS, 1968

Emissions
Source 6
107 tons/yr Percent
Transportation 8.1 39.3
Motor vehicles 7.2 34.9
Gasol ine 6.6 32.0
Diesel 0.6 2.9
Aircraft® Nb N
Rai 1roads 0.4 1.9
Vessels 0.2 1.0
N highway 0.3 1.5
Fuel combustion -
stationary 10.0 48.5
Coal 4.0 19.4
Fuel o1l c 1.0 4.8
Natural gas 4.8 23.3
Wod 0.2 1.0
Industrial processes 0.2 1.0
Solid waste disposal 0.6 2.9
Mi scell aneous 1.7 8.3
Forest fires. 1.2 5.8
Structural fires N N
Coal refuse 0.2 1.0
Agricultural 0.3 1.5
Total 20.6 100.0

Emissions below 3,000 ft.

By = Not reported.

‘Includes LPG and kerosene.

nationwide emissions of hydrocarbons and related or-
ganic compounds to the atmosphere from technologi-
cal sources for the year 1968 were estimated to be about
32 X 10° tons. Table 2-10 (Ref. 10)lists the technologi-
cal sources and cstimates of their emission rates of
hydrocarbons for 1968,

From these data it is clear that natural sources are
responsible for most of the atmospheric hydrocarbons
and that, of all the technological sources, motor vehi-
cles account for nearly 50 percent of the total emis-
sions.

218

Estimated less than 0.05 x 106 tons/yr.

2-3.5 PARTICULATE MATTER

Natural dust is always present in the atmosphere at
varying levels of concentration. These dust particles are
made airborne either by high winds or by vehicular
action, e.g., a truck traveling along an unsurfaced road
or a helicopter-hovering over a dusty field. Once air-
borne, the smaller particles, less than about 10 pm in
diameter, may be kept aloft for an extended period of
time by turbulent wind conditions arising from, for
example, large temperature gradients.
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TABLE 2-10. ESTIMATES OF HYDROCARBON EMISSIONS BY SOURCE CATEGORY, 1968 (AP-64)
Emitssions
Source 6
10~ tons/yr Percent
Transportation 16.6 51.9
Motor vehicles 15.6 48.7
Gasoline 15.2 47.5
Diesel 0.4 1.2
Aircraft 0.3 1.0
Railroads 0.3 1.0
Vessels 0.1 0.2
Nonhighway use, motor 0.3 1.0
Fuel combustion-stationary 0.7 2.2
Coal 0.2 0.7
Fuel o1l 0.1 0.3
Natural gas N N
Wood 0.4 1.2
Industrial processes 4.6 14.4
Solid waste disposal 1.6 5.0
Miscellaneous 8.5 26.5
Forest fires 2.2 6.9
Structural fires 0.1 0.2
Coal refuse 0.2 0.6
Organic solvent evaporation 3.1 9.7
Gasoline marketing 1.2 3.8
Agricultural burning 1.7 5.3
Total 32.0 100.0

N = Negligible

Industrial particulate matter consisting of both lig-
uid and solid particles is emitted primarily from com-
bustion processes. Table 2-11 (Ref. 12) shows typical
annual emissions of particles from various types of
sources in the area of St. Louis, Mo., with a combined
population of 2,331,000 and in Ankara, Turkey, with a
population of 906,000. Both sets of data were collected
using identical procedures.

An estimated 115 million tons of particulate matter
were emitted to the atmosphere from major sources in
the United States in 1966. Fig. 2-11 gives the major
sources and the weight of particulate matter emitted by
each source.

2-4 ATMOSPHERIC SCAVENGING

Primary pollutants arec removed from the atmos-
phere by (1) deposition and (2) conversion to other
atmospheric constituents. In both cases chemical reac-
tions facilitate the process. The atmosphere of the earth
has been described as a vast chemical reactor (Ref. 2)
where some of the primary pollutants undergo chemi-
cal changes thus forming other substances. In some
cases the intermediate or final products can be more
damaging than the originalreactant, but these products
may be in a form that is readily removed from the
atmosphere.
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TABLE 2-11. 1969 EMISSION INVENTORY OF PARTICULATE MATERIAL,
METRIC TONS PER YEAR

City
Source category St. Louis, Ankara,
Mo. Turkey

Transportation

Motor vehicles 5,220 2,090

Other 2,760 240

Subtotal 7,980 2,330
Stationary fuel combustion

Industry 60,900 4,870

Residential 2,760 7,470

Commercial, institutional.

governmental 4,940 4,580

Electric generation 49,400 1,210

Subtotal 118,000 18,130
Refuse disposal

Incineration 2,180 N

Open burning 3,140 1,200

Subtotal 5,320 1,200
Industrial processes 37,500 3,210
Evaporative losses -- --

GRAND TOTAL 168,800 24,870

N = Negligible

POWER
GENERATION
3 MILLION

INCINERATIO
I MILLION N

FMEESEATING

MOBILE
0.5 MILLION

INDUS TRIAL
S MILLION

FIGURE 2-77. Sources of Particulate Matter

(tons/yr)
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In the lower atmosphere, deposition is the primary
means of removal; the oxidation and/or combination of
pollutants result in solid or liquid particles, or adsorbed
phases on such particles, that soon settle out of the
atmosphere because of their large size. In the upper
atmosphere, conversion to other atmospheric constitu-
ents is aided through the breaking down of complex
molecules by high energy radiation from the sun.

The five major classes of pollutants are listed with
descriptions of the natural scavenging processes that
tend to exhaust them from the atmosphere.

241 SULFUR OXIDES AND HYDROGEN
SULFIDE

Sulfur oxides in the atmosphere are mostly in the



form of sulfur dioxide with small amounts of sulfur
trioxide. A large part of the sulfur dioxide in the air is
oxidized to sulfur trioxide that reacts with water vapor
to form sulfuric acid mist. The transformation of sulfur
dioxide to the acid occurs in approximately 4 days (Ref.
24). The acid further reacts with other materials in the
air to form sulfates, usually ammonium and calcium
sulfates. Also, it has been theorized that a substantial
portion of the atmospheric sulfur dioxide i§ directly
neutralized by ammonia, calcite dust, or other airborne
alkalies and is then oxidized by the air to the corre-
sponding sulfates. The salts are finally removed from
the atmosphere by precipitation. The time from emis-
sion to removal of sulfur dioxide is estimated at 43 days
or less on the average (Ref. 13). Sulfur dioxide is also
scavenged from the atmosphere by vegetation. For a
concentration of 1 ppb, a deposition rate of 2.5 pg
m~2 day ' has been calculated (Ref. 24).

AMCP 706-117

Robinson and Robbins (Ref. 24), using their own
calculations along with data from the literature, es-
timated the mass flow of sulfur in various compound
forms through the environment. Fig. 2-12 shows the
circulation pattern. Some of the values are reasonably
well known, e.g., pollutant emissions and total deposi-
tions; however, some such as land and sea emissions of
hydrogen sulfide are estimates that were adjusted to
balance the cycle. The end result of this cycle shows an
accumulation of sulfur in the oceans of 95 X 10* tons-
/yt. This is the sum of pollutant emissions, sulfur ap-
plied to the soil, and rock weathering.

The lifetime of hydrogen sulfide in the atmosphere
ranges from about 2 hr in urban areas to about 2 days
in remote unpolluted areas. The hydrogen sulfide is
oxidized to sulfur dioxide in the troposphere by ozone
in a heterogencous reaction usually occurring on the
surface of aerosol particles.
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2-4.2 CARBON MONOXIDE

There are no identified scavenging processes for car-
bon monoxide. However, in the absence of removal
processes, the estimated worldwide emissions would be
sufficient to raise the atmospheric background concen-
tration by 0.03 ppm per yr creating a current back-
ground level of 1 ppm. Measurements of the back-
ground level indicate an average concentration level
much less than 1 ppm with no indication that the level
is increasing (Ref. 16). Therefore, it is postulated that
some sink or removal process exists. One possibility is
that in the upper atmosphere ultraviolet energy from
the sun converts the carbon monoxide to carbon diox-
ide (Ref. 25). Recent research carried outby Inman and
Ingersoll (Ref. 27) to identify and quantify sinks for
atmospheric carbon monoxide produced the following
results: (I) of the approximately 15 species of green land
plants tested, none demonstrated any tendency to take
carbon monoxide out of the atmosphere; (2) soil tests
showed that the capacity for carbon monoxide uptake
by the soil is mediated by a biological mechanism; and
(3) of the 200 plus species and strains of fungi, yeasts,
and bacteria tested, 16 (all were fungi) proved capable
of removing atmospheric carbon monoxide. On the ba-
sis of these laboratory studics, an estimate of the
capacity of the soil to act as a sink of atmospheric
carbon monoxide was calculated to be in excess of 500
million metric tons per yr. This is over twice the es-
timated worldwide production of carbon monoxide by
man.

2-4.3 NITROGEN OXIDES®

The major portion of oxides of nitrogen released to
the atmosphere become involved in photochemical
reactions in which nitric oxide and nitrogen dioxide are
converted to nitrogen-containing organic compounds.
The oxides of nitrogen are usually converted within
hours of their exposure to sunlight.

The oxides of nitrogen that are not converted by
photochemical processes diffuse throughout the atmos-
phere and are removed by oxidation of nitric oxide to
nitrogen dioxide while, at higher levels in the atmos-
phere, ozone can react with nitrogen dioxide to form
nitrogen pentoxide and trioxide. These then react with
alkalies to form nitrates that are removed from the
atmosphere by precipitation. Also, nitrogen dioxide
may react directly with ammonia giving nitrogen and
water vapor. Nitrogen dioxide can be transferred from

6. A general reference for this paragraph is Ref. 25.
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the lower atmosphere to the ocean as inorganic nitrates
and nitrites. Robinson and Robbins (Ref. 26), in deriv-
ing an atmospheric nitrogen cycle, arrived at a resi-

dencetime of 3 days for nitrogen dioxide released to the
atmosphere.

2-4.4 HYDROCARBONS ¢

Hydrocarbons in the atmosphere form radicals when
exposed to sunlight. Ozone, nitrogen dioxide, and
peroxides serve as light sensitizersor initiators for these
reactions. Radicals are subject to further degradation
until the end products are carbon dioxide, carbon
monoxide, and water. Radicals may also be removed by
polymerization and adsorption on suspended particu-
lates that are, in turn, removed from the atmosphere by
precipitation.

The rates of reaction of these processes are insuffi-
cient to prevent high concentration levels from building
up when the right combination of emission and local
meteorological conditions exist.

245 PARTICULATE MATTERS®

The principal mode of removal of particles larger
than 5§ to 10 um in diameter from the atmosphere is
gravitational settling. Some of these smaller particles,
between about 1and 10 um in diameter, settle slowly
and may be removed from the lowest atmospheric layer
by inertial processes such as impaction on the surfaces
of obstacles such as buildings and trees.

Clouds and rain act to cleanse the higher layers of
the troposphere of particles larger than about 2 pm.
Smaller soluble particles, such as sea salt and nitrates,
grow substantially in size by accumulating water from
the clouds or rain and are thus brought to the ground
by rain.

Smaller particles less than about 0.1 wm coagulate as
a result of their high collision rate and form larger
particles that are then subject to settling, precipitation,
and impaction.

2-5 CONCENTRATION AND
DISTRIBUTION OF
ATMOSPHERIC POLLUTANTS

Pollutant concentrations vary in time and space as a
result of (1) wvariations in the location of pollutant
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TABLE 2-12. POLLUTANT CONCENTRATIONS AND COMPOSITION

Particulate pollutants in urban areas*

Gaseous polilutants

Typical concentration, ppm by 'volume

Pollutant Typical concentration , Pollutant
wg m Urban Rural
Solid particles 10" Organic gases 3.0% 1.0
Combustible carbon/soot and 25 Hydrocarbons (90%CH4) 2.8 1.0
miscellaneous-organic particles Others 02 0.05
Metal oxides, salts, and non- 75 Total aldehydes 0.05 0.01
combustible soot particles
Silicates and mineral dusts 10 Inorganic gases
S : Oxides of nitrogen
Liquid particles 10 Nitric oxide 0,05 0.01
Tota1 particulates 120 Nitrogen dioxide 0.05%* 0.02
Oxides of sulfur
Chemical content of particulates¥ Sulfur dioxide 0.05%* 0.005
Chloride " Sulfur trioxide < 0.001 < 0,001
Nitrate 4 Oxides of carbon
Phosphate Carbon monoxide 7.0%* 0.1
Sulfate 13** Carbon dioxide 350 315
Aluminum 5 Others
Calcium 4 Ammonia 0.1 0.01
Iron 3™ Hydrogen chloride 0.05 0.005
Ammon fum 0,7** Hydrogen fluoride 0.01 0.003
Lead 1 Hydrogen sulfide 0.003 < 0.001
Silicon 4 Ozone 0.05** 0.02
Zinc 0,5%*

*Rural values are approximately 30%of the urbag values.

“From National Air Surveillance Networks. 3
t+Based on the NASN average for SH?B nggg grticulates of 100 ug m™~ and

a dustfall value of 300 tons mi~¢ -mo~'-

frifteen other elements are known to be present at lower concentration

1evels.
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sources, (2) changes in source activity with time, (3)
continually changing meteorological conditions, and
(4) transient distributions of chemical reactions in the
atmosphere. Patterns of concentration variation are
peculiar to the specific locality but usually show dis-
tinctive features for certain regions. For example, met-
ropolitan areas on the U S East Coast are character-
ized by high concentrations of sulfur dioxide, while on
the U S West Coast, high concentrations of ozone and
nitrogen oxides are the rule.

Concentration data for a particular pollutant are
often subject to variations traceable to (1) the different
measuring techniques and equipment employed, (2)
different sampling times, and (3) in some instances, the
location of the sampling site (e.g., on the ground or on
a rooftop). The values given in this paragraph are to
serve as guides for the concentration levels that one
may expect to encounter under various conditions.

Table 2-12 (Ref. 28) presents a list of representative
urban and rural values for the concentrations of a
majority of the air pollutants. Several of the values, as
indicated in the table, are annual averagesof data from
the National Air Surveillance Networks. The other
data were assimilated from a variety of studies as re-
ported in the literature. Concentration characteristics
of some of the more important pollutants will be dis-
cussed in the paragraphs that follow.

251 GASEOUS POLLUTANTS

Concentration values for gaseous pollutants are gen-
crally reported as parts per million (ppm) by volume.
In instances where the concentration level is very low,
it is more convenient to give the volumetric concentra-
tion as parts per hundred million (pphm) or parts per
billion (ppb). Conversions are simple multiples: 100
pphm = lppm and 1000 ppb = 1ppm. A gravimetric
designation, weight of pollutant per unit volume of air
(ng/m?), is sometimes used in such work areas as tox-
icology and metal corrosion. To convert from gravi-
metric to volumetric units, it is necessary to assume
some standard conditions of gas temperature and pres-
sure. For 25°C and 760 mm the conversion is approxi-
mately

pg/m? = ppm X 41.3 X molecular
weight  (2-16)

Concentration data are usually given as maximum or
average values, and as distribution plots that show the
percentage of time that the pollutant concentration ex-
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ceeds a certain level. The distribution plots give a more
complete insight into the dynamic characteristics of a
pollutant for a given site. Most concentration measure-
ments are not real time but represent the average value
for the time period over which the sample was col-
lected. The most frequently used averagingor sampling
times are § min, 1 hr, 8 hr, 1 day, 1 mo, and 1 yr.
Therefore, for an exact interpretation and/or compari-
son of concentration data from different sources, the
averaging times employed in collecting the data must
be known. Techniques for computing concentrations
for averaging times other than the one used in collect-
ing the data are'discussed in Refs. 3 and 29. As an
example, the annual expected maximum concentration,
C,..» for a particular averaging time follows a general

m

law of the type:

Cmax = C't° (2-17)

where
t = averaging time, hr
a = slope of the line plotted on a
logarithmic scale
= a constant, the value of which
can be determined from the
measured data

Q
|

(1) Sulfur dioxide. Two monitoring programs spon-
sored by the U.S. Environmental Protection Agency
have produced statistics on atmospheric sulfur dioxide
concentrations in and around several U.S. cities. The
Continuous Air Monitoring Project (CAMP) has
monitored sulfur dioxide concentrations in six large
cities since 1961. The National Air Surveillance Net-
works provide 24-hr-sample data for about 100 loca-
tions on a 26 times-per-year basis (Ref. 13).

Fig. 2-13 (Ref. 13) gives the maximum average con-
centrations for various averaging times for 12 cities.
Nearly all cities show an increasing maximum average
concentration with a decrease in averaging time right
down to the 5-min interval. This indicates short-term
variations in the concentration levels giving rise to the
possibility of experiencing relatively high levels of sul-
fur dioxide for short periods of time. The graph shows
that the highest concentration value was over 2 ppm
and occurred in New York City. All 5-min maxima fall
between 0.3 ppm and 2 ppm for this 5-yr period. Fig.
2-14 (Ref. 13) gives the frequency distribution of sulfur
dioxide levels for six U S cities over a 5-yr period.
These data show higher sulfur dioxide concentrations
for cities east of the Mississippi River than for those on
the West Coast.
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Measurements of sulfur dioxide levels in unpolluted
arcas are, as would be expected, much less plentiful
than those for polluted arcas. However, Robinson and
Robbins (Ref. 24), in an effort to arrive at an estimate
for the average tropospheric sulfur dioxide concentra-
tion on a global basis, assembled the data in Table 2-13.
From the data, an estimate of 0.2 ppb was made for the
average global sulfur dioxide concentration.

7. A general reference for this paragraph is Ref. 30.

(2) Hydrogen sulfide.” There is little data on concen-
tration levels of hydrogen sulfide. A mixture of sulfur
dioxide and hydrogen sulfide would be expected in most
arcas with the hydrogen sulfide concentration higher in
arcas where sulfur dioxide emissions are small. Measure-
ments made in Bedford, Mass., in 1960 showed a sur-
prisingly constant concentration that was in the range 8
to 9 ug/m?® regardless of wind direction. Measurements
made in New York City in 1957 showed a low and con-
stant hydrogen sulfide concentration. The maximum
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TABLE 2-13. BACKGROUND CONCENTRATIONS OF SULFUR DIOXIDE
Location Concentration
Nebraska wveevvveverasirnainnnnass < 0.3 ppb in upper troposphere
Hawall sesennsnssnsnnsnnnnsnnnnss 0.3 ppb
Florida (southeast coast) .u..... 1.0 ppb
Antarctica +.evvcvvennccnnaneaans 0.3-1 ppb
Panama Canal Zone ............... 0.3-1 ppb
Central Atlantic ..vvvveeiinnnnn. < 0.3 ppb

reading from 249 determinationswas 7.5 pg/m?® with an
average value of 3 ug/m?®.

(3) Carbonmonoxide. The averageconcentration of
carbon monoxide for urban areas has been estimated to
be 7 ppm and, for rural areas, 0.1 ppm (Ref. 28). Values
of 100 ppm for busy streets, 5 ppm for cities, 0.2 ppm
for urban arcas, and 0.08 ppm for unpolluted arcas
have been given (Ref. 30). Values as high as 147 ppm
have been measured in Los Angeles highway traffic
(Ref. 9).

(a) Diurnal patterns. Community atmospheric
carbon monoxide levels follow a regular diur-
nal pattern of variation dependent primarily
on human activity. Carbon monoxide levels
generally correlate well with total traffic
volume in urban arcas. Fig. 2-15 (Ref. 16)
shows the daily variation of carbon monoxide
levels on weekdays in Detroit. The two peak
levels occur during rush hour traffic, one at
approximately 8 a.m. and the other at 6 p.m.
This type of variation is probably typical of
all urban areas.

(b) Seasonal patterns. Community atmospheric
carbon monoxide levels reveal seasonal
changes that result primarily from changes in
the meteorological patterns. Concentrations
are generally highest in the fall, followed by
the summer, spring, and winter, respectively.

(¢) Annual variations. Data from continuous
measurements at 46 sampling sites (located
mainly in California) over a period of years (4
to 12) indicate that no essential change in an-
nual average concentration has occurred dur-
ing this time period (Ref. 16).

(4) Nitrogen oxides. The ambient concentration of
nitrogen oxides varies greatly with time and place. The
most significant gaseous pollutants in this group are
nitric oxide and nitrogen dioxide. Robinson and Rob-
bins (Ref. 26), after studying the data on nitrogen diox-
ide and nitric oxide concentrations as reported in the
literature, estimated the following mean concentrations
on a global basis. In land areasbetween latitudes 65 deg
N. and 65 deg S., NO =2 ppb and NO, = 4 ppb. In
other land areas and all ocean areas, NO = 0.2 ppb
and NO, = 0.5 ppb.

(a) Diurnal patterns. On a normal day in a city,
ambient nitrogen oxide levels follow a regular
pattern with the sun and traffic. Fig. 2-16
(Ref. 8) illustrates the diurnal variation of
nitrogen oxide concentrations in Los An-
geles, Calif. The pattern is probably represen-
tative of the daily variation of nitrogen oxides
in most cities although the concentration lev-
els may be higher than would be found in
other cities. The graph shows that, as human
activity, especially automotive traffic, in-
creases in the morning hours between 6 and
8a.m., the concentration of the primary con-
taminant, nitric oxide, increases. As the ul-
traviolet light intensity increases, a rapid and
almost quantitative oxidation of nitric oxide
to nitrogen dioxide is observed (Ref. 8). By
about 9 a.m. the nitric oxide concentration
has reached and remains at a minimum until
near sundown. The nitrogen dioxide level re-
mains relatively high throughout the daylight
hours and drops to a lower level after dark.

(b) Seasonal patterns. Concentration data show a
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Weekdays in Detroit

marked seasonal variation in nitric oxide levels
but no set pattern is evident for nitrogen
dioxide levels. As Fig. 2-17 (Ref. 8) indicates,
the concentration levels of nitric oxide are
highest during the late fall and winter. This is
a result of less overall atmospheric mixing and
generally less ultraviolet energy for converting
nitric oxide to nitrogen dioxide during these
months. Also, there is probably increased
nitric oxide emissions from power and heating
sources during the winter months. Fig. 2-18
(Ref. 8) gives the monthly mean nitrogen
dioxide concentrations for the same period of
time and cities as in Fig. 2-17. As previously
stated, there is no recognizable predominant
pattern in these data.

(¢) Annual trends. At the present time there are
not sufficient long-term data for computing
cyclical variations. For example, there is no
clear way to separate the effects due to a
change in emissions and those due to long-
term changes in the meteorological factors
that affect ambient concentrations.

2-28

(5) Hydrocarbons. The atmospheric concentration
of nonmethane hydrocarbons follows a diurnal pattern
similar to that of the traffic density in urban areas. Fig.
2-19 (Ref. 10) shows the diurnal pattern for four U S
cities. The patterns, while not exactly the same, all
show a fairly sharp rise in concentrations at about 6
a.m. which remain high throughout the daylighthours.
The data for Washington, D.C., do not, however, fit
this pattern but do show the typical rise at 6 a.m. with
a low occurring about 1p.m. followed by a steady in-
crease from about | p.m. to midnight. Instantaneous
concentrations of total hydrocarbons have been mea-
sured as high as 40 ppm (as carbon) in Los Angeles.
2-5.2 PARTICULATE POLLUTANTS

Particulate pollutants are observed as either suspended
particulate matter or as matter that settles £ram the air,
i.e., dustfall. Most of the data on suspended particulate
matter were obtained from high-volume filter samples.
Average suspended particle mass concentrations range
from 60 to 220 ug m™ for urban areas, depending on
the size of the city and on its industrial facilities. In
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heavily polluted areas, concentrations as high as 2,000
ug m® have been measured over a 24-hr sampling
period. Average values range from about 10 ug m™ for
remote nonurban areas to about 60 pg m™ for near
urban environments. Table 2-14 (Ref. 12) gives the
average suspended particle concentrations for 60 cities in
the United States. There is a factor of three in particu-
late matter concentrations between the most polluted
atmosphere (Chattanooga) and the least polluted onc
(Miamt).

Particle concentrations have diurnal and seasonal
cycles. For most cities these cycles are predictable. In
northern cities that experience cold winters, the peak
concentrations will occur in midwinter due to the in-
creased emissions from fuel combustion for heating
purposes. A daily maximum in the morning between
about 6 and 8 a.m. is usually the result of an increase
in the strength of sources of particulates, including
automobile traffic, and to a combination of meteorolog-
ical factors.

Dustfall measurements are expressed as dust weight
deposited on a unit area in a time unit (usually onc
month). Dustfall is the usual measurement index for
particles in the size range that is separated from the
atmosphere by gravitational forces.

2-30

Typical dustfall values for urban areas are 0.35 to 3.5
mg/cm?/mo (10 to 100 tons/mi’/mo). Values ap
proaching 70 mg/em?/mo (2,000 tons/mi*/mo) have
been measured near especially large sources (Ref. 12).

2-6 MEASUREMENTS

Several methods have been used in measuring air
pollutants since the need for monitoring was first
recognized in the mid-1950’s. The first air pollution
instruments were adapted from those in usc in the
chemical process industry at the time. The majority of
these “first generation” instruments operated on chem-
ical principles. In these, the sample air is passed
through an aqueous solution in which the pollutant
(gas) to be determined reacts (1) to form a colored
solution, (2) to form an electrolytic solution, or (3) to
oxidize/reduce a compound in the solution. Some of
the wet-chemical methods are still being used. In gen-
eral these methods are not specific for a particular
pollutant and lack the sensitivity necessary for continu-
ous ambient air monitoring.

Physicalmethods employed in air pollution monitor-
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TABLE 2-14. SUSPENDED PARTICLE CONCENTRATIONS (GEOMETRIC
MEAN OF CENTER CITY STATION) IN URBAN AREAS, 1961 TO 1965

Total
suspended particles
Standard metropolitan statistical area

ug m™3 Rank
Chattanooga========-=c—=mcc oo 180 |
Chicago-Gary-Hammond-East Chicago---=~==-----ccomcccmca- 177 2
Philadelphia--=-==cccmm e 170 3
St. LoUiS===cmmmm e 168 4
CantoN=-—m oo e 165 5
Pittsburghe-==--m e m e o 163 6
Indianapolig=-ceeemmm oo e e 158 7
WiTmington===--=ccomm e e e 154 8
Louisvillemcmmmmc - 152 9
Youngstown === e - mmm e e 148 10
Denverscem—ccm e e e 147 11
Los Angeles-Long Beach-----=-cmcmmmmccmc e 145.5 12
Detroit-ceemmem o e 143 13
Baltimore-ce-ccmcmmm e 141 14.5
Birmingham=====-cccmcmmcmm e e 141 14.5
Kansas City====cmmcmmmcmmc e 140 16.5
M e e L e L L P L e 140 16.5
New York-Jersey City-Newark-Passaic-Paterson------------- 135 18
AKYON === = m e m e e e e e e e 134 20
BOStON=== e m e e 134 20
Cleveland-==ecccmmm e e 134 20
Cincinnati—=-cecmcmmmmm e 133 22.5
Milwaukee-e-=cmmcccmc e 133 22.5
Grand Rapids======eemcomm oo oo oL 131 24

LLL-90L dOWVY
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TABLE 2-14 (Continued). SUSPENDED PARTICLE CONCENTRATIONS (GEOMETRIC
MEAN OF CENTER CITY STATION) IN URBAN AREAS, 1961 TO 1965

Total

Standard metropolitan statistical area suspended particles

ug m'3 Rank
Albany-Schenectady-Troy-----=======ccccmmmmmcccmmcmccceo 915 53
Minneapolis-St. Paul-----commcmmm e 90 54
San Diego-=-=-=cc e - 89 55
San Francisco-0akland-=====cccccmmmcmmmcmcccc oo 80 56
Seattle-c-—cmmm - 77 57
Springfield-Holyoke===cmmmmcmm e 70 58
Greensboro-High Point------c-ccmmccmmc e 60 99
Miami-=—eeecmcmmc e e - 58 60

CLi-90 dJdOWV
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TABLE 2-15.

MEASUREMENT PRINCIPLES IN AIR QUALITY MONITORING

{lassification

Application

Measurement principle

Energy transducer

Infrared absorption

Ultraviolet absorption
Light scatterinu

Ref lectance
Ionization

Colorimetry

Conductometry
Coulometry

Fluorescence

Chemi luminescents

Gases-CO, hydrocarbons

Gases-03, NO
Aerosols

2

Filtered particulates
Hrdrocarbons

Reactive gases—03, NO2
502’ HF ’

Acid ga\ses—SO2

Electroreducible and oxidiz-
able gases-03, SO2

Fluorescible materials-fluorides

Gases—03, NO, 502

Absorption of IR eneray

Absorption of UV energy
Scattering of visible liaht
Visible light reflectance
Ionization current measurement

Absorption of visible or near
UV enerqy by colored compound

Electrical conductivity

Electrical current measurement

Emission of UV or near UV
energy
Emission of light energy

Thermistors, thermo-
piles, capacitor
m crophones

Phototubes
Phototubes
Phototubes
Ionization chamber

Barrier layer cells,
phototubes

Conductivity cell

Coulometric or gal-
vanic cell

Phototubes

Phototubes

cl ||90L dJNVY
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ing include absorption or emission of energy in the
clectromagnetic spectrum, light scattering, reflectance,
and ionization. Some of the most recently developed
instruments use a chemiluminescent detection method.
This involves the measurement of light energy released
when the pollutant gas reacts with certain other gases
or reagents.

Table 2-15 (Ref. 31) lists the different measuring
methods along with their applications. Table 2-16 (Ref.
32) summarizes the sampling techniques and classifics
them according to their use as static, mechanized, or
automatic methods.

2-6.1 MEASUREMENT PRINCIPLES®

The measuring principles that have found significant
application in air pollution monitors are briefly dis-
cussed:

(1) Colorimetry. Colorimetry involves the absorption
of visible or near ultraviolet energy by colored com-
pounds. In colorimetric instruments, sample air is drawn
through an aqueous solution in which the pollutant to

8. General references for this paragraph are Refs. 31 and
33.

SAMPLE

be determined reacts with a color-forming reagent. The
resultant color is proportional to the pollutant concen-
tration and sampling time.

Colorimetric analyzers are available for the continu-
ous measurement of sulfur dioxide, nitrogen dioxide,
and oxidants. The colorimetric principle is the refer-
ence method for measuring sulfur dioxide and nitrogen
dioxide (see par. 2-6.3, “Reference Methods™).

Fig. 2-20 is a flow diagram of a typical colorimetric
type monitor. This is a dual-flow colorimeter in which
the absorbance of the unreacted reagent is measured
and used as the zero reference for the sample (reacted)
solution. As shown in the diagram, the light source is
split with equally intense beams passing through the
reference cell and the sample cell where in both cases
the transmitted light is detected by photocells. The
difference in intensity of the transmitted beams is a
function of the pollutant concentration and the length
of the light path through the solution. The actual flow
of the air sample through the monitor starts with the
atmospheric sample passing through the rotameter into
the scrubber or absorber. Here, the pollutant reacts
with the reagent. From the scrubber the air sample is
discharged to the atmosphere and the reacted reagent
passes into the sample cell where the absorbance of the
solution is measured.

VALVE
< —

Vi

— SCRUBBER
| 4

l e

ROTAMETER

O

LENS

<=

- 1
PHOTO

LIGHT

LIQUID
REAGENT
O" RESERVOIR

—
: FILTER
SAMPLE go‘—;-
CELL | ==

REF.
CELL

CELL Ll L
CHOPPER

DETECTION CIRCUIT

W

1 1,

RECORDER

FIGURE 2-20. Schematic Diagram of a Typical Colorimetric Monitor
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TABLE 2-16. COMMON AMBIENT AIR POLLUTION SAMPLING?
TECHNIQUES
SE i Common averag- : Required training
Type Use Specificity ing time Relative cost of parsonnel Remarks
STATIC
Settleable particu- Mapping and definition Total settled particu- 1 no Collection, low; Collection, low; | Well-equipped laboratory
lates (dustfall) of special problem lates and general analysis, high analysis mod- required for analysis only
areas classes of pollutants erate for definition of problem
areas where a chemical
Sulfation devices Mapping and general Responds to oxides of 1 mo Collection, low; Collection, low; analysis will pinpoint a
survey for sulfur sulfur , hydrogen sul- analysis, high analysis mod- particular source. Sensi-
dioxide fide, and sulfuric erate to high tive to temperature, wind,
acid
MECHANIZED
Hi-vol Integrated quantifica- Total suspended parti- 24 hr Moderate Moderate ] ] .
tion of suspended culate and multiple Detailed chemical analysis
particulate specific pollutants of Hi-vol and gas samples
requires sophisticated
Gas sampler Integrated quantifica-  Sulfur dioxide, nitro- 24 hr Moderate High laboratory, trained chem-
tion of gases gen dioxide, mercury, ists; cost is high
and other gases and
vapors
Gas Continuous analysis of Single gas or group of  Continuous; Moderate to high Moderate to high )
gaseous pollutants related gases sample inte- Continuous measurements
gration usu- allow use of any desired
ally 1-15 min averaging time by computa-
. ] . tion. Accuracy 1s gener-
Particulate: Continuous analysis of  Unknown Continuous ; Moderate Moderate to high | 211y much better than other
soiling (auto- soiling rate sample inte- methods. Calibration is
matic tape) gration usu- simplified. Data are
ally 1-15 min available instantaneously

Cost basis:
Personnel training:

low, 0 to $500; moderate, $500 to $2000; high
low, maintenance level ; moderate, tec

above $2000. . - .
hnician; “high, experienced technician or professional support staff.

L11-90L dOWVY
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(2) Coulometric method. Coulometry is a mode of
analysis wherein the quantity of electrons or charge
required to oxidize or reduce a desired substance is
measured. This measured charge, expressed as coulombs,
is proportional to the mass of the reacted material
according to Faraday’s law. Coulometric titration cells
for the continuous measurement of sulfur dioxide,
oxidants, and nitrogen dioxide have been developed
using this principle.

Fig. 221 is a schematic diagram of a coulometric
sulfur dioxide monitor. The principle of operation of
this monitor is based on the stoichiometric reaction of
sulfur dioxide with bromine in a titration cell. A redox-
potential (originating from Br,) is established between
two clectrodes and compared to a reference voltage.
Sulfur dioxide scrubbed from the sample air stream
reduces the bromine to bromide lowering the bromine
concentration and the potential of the cell. The charge
required to reestablish the original redox-potential is
directly proportional to the concentration of sulfur di-
oxide in the sampled air stream.

The principle of operation is similar to other coulo-
metric instruments, although different reagent systems
are used.

ouUST
FILTER

MEASURE

PELTIER
COOLER

I

(3) Conductometry. The conductance of elec-
trolytes in solution is proportional to the number of
ions present and their mobilities. In dilute sample solu-
tions, the measured conductivity can be directly related
to the concentration of ionizable substance present.
Sulfur dioxide has been measured by this procedure in
continuous recording instrumentation for more than 25
yr. Fig. 2-22 is a schematic diagram of a typical con-
ductivity monitor. Most conductometric analyzers use
distilled water reagent modified by the addition of hy-
drogen peroxide and a small amount of sulfuric acid.
This modified reagent forms sulfuric acid when reacted
with sulfur dioxide.

(4) Flame phorometry. Flame photometry is based
on the measurement of the intensity of specific spectral
lines resulting from quantum excitation and decay of
clements in the heat of a flame. Volatile compounds are
introduced into the flame by mixing them with the
flammable gas or with the air supporting the flame.
Nonvolatile compounds are aspirated from a solution
into the flame. The specific wavelength of interest is
isolated by means of narrowband optical filters, diffrac-
tion gratings, or by means of a prism. The intensity of
the specific wavelength is measured by means of a
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phototube or photomultiplier tube and associated elec-
tronics. A schematic diagram of a typical flame pho-
tometric sulfur monitor is given in Fig. 2-23.

(5) Flame ionization. When hydrocarbons are
burned in a hydrogen flame, a flow of ions is produced
which can be measured electrically. The number of ions
produced by a hydrocarbon molecule is proportional to
the number of carbon atoms in the molecule. There-
fore, this technique is not specific for particular hydro-
carbons. The energy from a hydrogen flame is not suffi-
cient to ionize most other gases. Fig. 2-24 is a schematic
diagram of a typical flame ionization monitor. A more
detailed discussion of this method is given in par. 2-6.3
as the reference method for measuring hydrocarbons.

(6) Chemiluminescence. Small quantities of light
encrgy are produced by certain chemical reactions.
Such reactions are being used to measure ozone and
nitric oxide. When the pollutant of interest reacts with
certain other gases or reagents, the quantity of light
released is proportional to the pollutant concentration.
This technique is usually highly specific for a given
pollutant. It has been designated as the reference

“method for measuring photochemical oxidants (ozone)
and is proving to be, perhaps, the best method for

measuring nitrogen oxides. Fig. 2-25 is a schematic
diagram of a chemiluminescent nitric oxide analyzer.

In this instrument the phototube is used to detect the
light emitted from the chemiluminescent gas phase
reaction of nitric oxide and ozone according to the
following reaction

NO +0, = NO} + 0, = NO, + O, + hv
(2-18)

where NO, indicates an excited state of nitrogen diox-

ide that emits a photon (hv) and becomes stable nitro-
gen dioxide as indicated.

(7) Infrared absorption. Certain pollutant mole-
cules have a sufficiently characteristic infrared absorp-
tion spectrum that the absorption of infrared energy
can be used as a measure of the concentration of a
pollutant. Carbon monoxide is uniquely suited to this
technique of detection since its absorption characteris-
tics and typical concentrations make possible direct
sampling. Nondispersive infrared spectrometry is the
reference method for measuring carbon monoxide and
is discussed in more detail in par. 2-6.3.

(8) Suspended particulates. Suspended particulates
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can be measured in a variety of ways. The selection of
a particular technique should be determined by the
environmental conditions under which the measure-
ments are to be made and the objectives of the measur-
ing program.

Perhaps the most reliable method, and the only one to
be discussed here, for determining the mass concen-
tration of suspended particulate matter is filtration. The
measurement of suspended particulate matter by fil-
tration is accomplished using a high-volume sampler.
Also, for sampling periods less than 24 hr, a tape sampler
can be used. Both systems are described in par. 2-8.3.

Equipment and techniques for measuring particle
number and size distributions of particulate pollutants
are discussed in detail by Giever (Ref. 34).

2-6.2 CALIBRATION TECHNIQUES

The validity of the data derived from air monitoring
instrumentation is dependent upon the type and extent
of the quality control procedures employed. The first
and perhaps most critical element of data quality con-
trol is instrument calibration. Calibration determines
the relationship between the observed and true values
of the variable being measured. Instrument calibration

provides maximum quality control in the collection of
reliable data (Ref. 31).

Most present-day monitoring instruments are sub-
ject to drift and variation in internal parameters; there-
fore, they do not maintain accurate calibration over
long periods of time. It is necessary to check and stand-
ardize operating parameters on a periodic basis. These
are predetermined by the manufacturer and usually are
listed in the operator’s manual.

To calibrate an instrument, the method used must
deliver a known pollutant quantity to the system. The
instrument must be calibrated in the monitoring mode
and should sample the calibrating gas at identical set-
tings and flow rates at which the instrument will oper-
ate in the field. The calibration involves measuring and
adjusting all instrument parameters or subsystems that
have a direct bearing on measurement. Typically this
includes flow rates, base line, lag and response time,
and system response to an input of known standard
pollutant concentrations over the entire operating
range. Since input levels are varied and instrument
parameters are adjusted during this process, it is re-
ferred to as dynamic or multipoint calibration. A cali-
bration check, by which a known amount of pollutant
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is introduced to the system to verify the initial calibra-
tion at one point or level, is utilized to simplify the
procedure normally required for performing mul-
tipoint calibrations.

Static calibrations, sometimes referred to as opera-
tional checks, may be carried out using a material hav-
ing the same effect on the sensor as the pollutant of
interest. In this case only the sensor is being calibrated
and not the complete system. Permeation tubes are
available for use as a source of known concentration in
calibration of sulfur dioxide and nitrogen dioxide moni-

tors (Refs. 8,33). A tube made of Teflon® containing
pure sulfur dioxide or nitrogen dioxide maintained at

a constant temperature has a constant permeation rate
that can be determined gravimetrically to three signifi-
cant digits. Calibrated permeation tubes are commer-

cially ayailable. Fig. 2-20 shows a typical permeation
tube calibration system.

8. Teflon is a trademark of E. I. du pgpt de Nemours
and Co.
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Standard gases prepared to exact concentrations in
pressurized cylinders are available commercially for
the calibration of carbon monoxide and hydrocarbon
monitors. Mixtures of carbon monoxide in helium or
nitrogen and methane in air or nitrogen are stable for
periods of several months. Calibration checks can be
made by direct introduction of the standard gas to the
monitor. A diagram of the apparatus used for calibrat-
ing the chemiluminescent nitric oxide (NO) analyzer in
Fig. 2-23, using a standard mixture of NO in nitrogen,
is given in Fig. 2-27.

26.3 REFERENCE METHODS

Reference measurement methods and sample averaging
times have been specified for instrumentation to meet
national air quality standards for six pollutants (Ref.
35). Other methods for measuring sulfur dioxide, nitro-
gen dioxide, and suspended particulates have been evalu-
ated by standard test procedures and defined as equiva-
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lent to the reference methods (Ref. 36). Table 2-17 lists
the reference methods and averaging times as specified.

(1) Sulfur dioxide. The reference method for the
determination of sulfur dioxide in the atmosphere is the
pararosaniline method utilizing the calorimetric detec-
tion principle.

Sulfur dioxide is absorbed from the air sample in a
solution of potassium tetrachloromercurate (TCM)
forming a dichlorosulfitomercurate complex. This
complex is reacted with pararosaniline and formalde-
hyde to form the intenscly colored pararosaniline
methyl sulfonic acid. The absorbance of the solution is
measured spectrophotometrically.

This method has serious shortcomings and the valid-
ity of the measurements is subject to question unless
temperature, pH, and purity of the reagents are care-

COMPRESSED crﬂl,&( ;LNB% R

CALIBRATION
MANIFOLD |

4805 ppim
N
NITROGEN

Nitrogen Dioxide Calibration System

fully controlled. Under controlled conditions, concen-
trations of sulfur dioxide in the range of 0.01 to 0.40
ppm can be measured.

(2) Particulate matter. The high volume sampler
method is the reference method for sampling large
volumes of air for suspended particulates. The sampler
operates somewhatlike a vacuum cleaner. The essential
components are a filter and a vacuum pump. Dust-
laden ambient air is drawn through the filter where the
particulate matter is trapped. The usual procedure is to
weigh the filter before and after the sampling period
and use the average airflow rate through the filter to
give an average concentration in weight per unit
volume (units are usually ug m~?). The sample may be
used for other analyses such as particle count, particle
size, particle shape, or chemical composition.
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TABLE 2-17. NATIONAL AIR QUALITY STANDARD REFERENCE METHODS
Pol lutant Averaging Reference method Principle of
time detection
50, 3 hr, 24 hr, | Pararosaniline Col orimetric
annual
Particulate 24 hr, Hi-vol sampler Gravinetric
matter annual
Co 1 hr, 8 hr Nondi spersive infrared Infrared
spectrometry
Photochemical | 1 hr Gas phase 0.~ethylene Chemiluminescence
oxidants reaction™(calibrated
(ozone) against neutral buffered
KI' method)
Hydrocarbons | 3 hr
(nonmethane) Gas chromatographic Flame i1onization
NO,, Annual 24-hr integrated samples Colorimetric
collected in alkaline
solution

In actual sampling situations, to insure a high degree
of uniformity in filter exposure, the sampler should be
operated in a vertically oriented shelter with the filter
in a horizontal position. Shelter design may affect the
collection characteristics of sampling equipment; there-
fore, care should be exercised when comparing data
from samples collected at sites where different types of
shelters have been used.

The standard shelter provides an air opening, slightly
larger than the filter area, around the circumference of
the sampler. This opening is oriented so that the intake
airflow is vertically upward. Therefore, with an average
velocity of 64 ft* min™ across the horizontal air inlet
portal of the shelter, the collection of particles is gener-
ally limited to those 100 um or less in diameter. Particles
too large to remain airbome are excluded and variations
caused by shifting winds are minimized. Figs. 2-28 and
2-29 give an exploded view and an assembled view,
respectively, of a high-volume sampler and standard
shelter.

Concentrations of suspended particulates as low as 1
pg m™* can be obtained when the sampler is operated
at an average flow rate of approximately 40 ft*
min~! based on a sampling period of 24 hr. Weight of
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particulates should be determined to the nearest milli-
gram, air flow rate to the nearest cubic foot per minute,
and time to the nearest 2 min.

Although it is not a reference method, the tape sam-
pler method is required for sampling particulates at less
than 24-hr intervals (e.g., one sample every 2 hr), as
would be necessary under emergency episode condi-
tions. The correlation of the tape-sampler method with
the high-volume sample has been found not to be uni-
form in all areas of the United States; however, this
method is the only one available for short-term moni-
toring of particulates. Fig. 2-30 is the schematic dia-
gram of a typical tape sampler.

Air is drawn through a l-in.-diameter spot (white
filter paper) at a flow rate of 7.0 liters/min (0.25 ft’
min~") for periods up to 4 hr. At the end of the sam-
pling period, the tape advances automatically by means
of a timing mechanism, placing a clean section of filter
paper at the sampling port. The collected spot is posi-
tioned under a photoelectric transmittance head that
measures the optical density of the spot. The greater the
amount of particulate matter filtered out of the air, the
darker the spot. The quantity of air sampled is ex-
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pressed in linear feet and the results reported as COH where

(coefficient of haze) per 1,000 lincar feet of air. The LF = linear feet
units of 1,000 linear feet LF are determined as follows: Q = sample airflow rate, ft* min~'
t = sampling time, min
LF (units of 1000) = Q X £/(1000 X A) A = cross-sectional areas of
(2-19) sampling spot, ft>
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The COH unit can be defined as the quantity of
particulate matter that produces an optical density of
001 when measured by light transmittance in the re-
gion of 375 to 450 nm. The transmittance of a clean
filter is used as a reference and is set at 0.0 density (100
percent transmittance). The light transmitted through
the filter tape is expressed as follows:

Optical density = log (I,/I) (2-20)

where
I, = initial transmittance of light
through clean spot
I = transmittance of light through
solid spot.
For estimation purposes, 1 COH unit equals approxi-
mately 125 pg m~=>.

The preceding description is general and applics to
all makes of tape samplers. Deluxe models are available
which have direct readout of percent transmittance or
COH’s on recorder paper, direct printout on tape,
telemetering hardware, or computer interfacing.

The optimal range for optical density measurements
is from 0.05 to 0.3. The sampling interval usually is
adjusted so that optical density falls in this range.

(3) Carbon monoxide. The nondispersive infrared
(NDIR) method is the reference method for measuring
carbon monoxide. A typical analyzer (as shown in Fig.
2-31) consists of a sampling system, two infrared
sources, sample and reference gas cells, detector, con-
trol unit and amplifier, and recorder. The reference cell
contains a noninfrared-absorbing gas while the sample
cell is continuously flushed with the sample atmos-
phere. The detector consists of a gas cell having two
compartments (both filled with carbon monoxide un-
der pressure) separated by a diaphragm whose move-
ment changes the electrical capacitance in an external
circuit and, ultimately, an amplified electrical signal
suitable for input to a servo-type recorder.

During operation the optical chopper intermittently
exposes the reference and sample cells to the infrared
sources. A constant amount of infrared energy passes
through the reference cell to one compartment of the
detector cell while a varying amount, inversely propor-
tional to the carbun-monoxide concentration in the
sample cell, reaches the other detector cell compart-
ment. The unequal quantities of infrared energy reach-
ing the two compartments of the detector cell cause
unequal expansion of the detector gas. This unequal
expansion moves the detector cell diaphragm, a move-
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ment that alters the electrical capacitance of the detec-
tion circuitry.

The measuring range of NDIR carbon monoxide
analyzers is normally O to 50 or 0 to 100 ppm. Filter
cells are used to minimize interferences from carbon
monoxide and water vapor.

(4) Photochemical oxidants (ozone). The reference
method for measurement of ozone is the chemilumines-
cent reaction between ozone and cthylene. This method
is discussed in the chapter on ozone (Chap. 12, Part
Two).

(5) Hydrocarbons (nonmethane), The reference
method for measuring hydrocarbons corrected for meth-
anc is the gas chromatographic-flame ionization
detection (GC-FID) method. Fig. 2-32 is a typical flow
diagram for a GC-FID hydrocarbon monitor.

Measured volumes of air are delivered semicontinu-
ously (4 to 12 times per hour) to the hydrogen flame
ionization detector to measure its total hydrocarbon
(THC) content. An aliquot of the same air sample is
introduced into the stripper column that removes water,
carbon dioxide, and hydrocarbons other than methane.
Methane and carbon monoxide are passed quantitatively
to the gas chromatographic column where they are
separated. The methane is passed unchanged through a
catalytic reduction tube into the flame ionization detec-
tor. Hydrocarbon concentrations corrected for methane
then are determined by subtracting the methane value
from the THC value. The method is used for semicon-
tinuous operation with the capability of performing one
analysis every 5 min.

Instruments such as the Beckman 6800 (see Table
2-18) using the GC-FID method measure carbon
monoxide and methane as well as total hydrocarbons.

(6) Nitrogen dioxide. The 24-hr sampling method,
often referred to as the Jacobs-Hochheisermethod, was
published by EPA as the reference method for the
measurement of nitrogen dioxide in ambient air. This
method is applicable to collection of 24-hr integrated
samples in the field with subsequent analysis in the
laboratory.

Nitrogen dioxide is collected by bubbling air through
a sodium hydroxide solution to form a stable solution
of sodium nitrite. The nitrite ion produced during Sam-
pling is determined colorimetrically by reacting the
exposed absorbing reagent with phosphoric acid, sul-
fanilamide, and N-I-naphthylethylenediamine dihydro-
chloride. This method is capable of measuring nitrogen
dioxide concentrations ranging from 001 to 0.4 ppm.

Much criticism has been directed at the extremely low
collection efficiency and the inability to automate the
system. The chemiluminescent reaction between nitric
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TABLE 2-18.

CONTINUOUS MONITORS

PERFORMANCE EVALUATION OF

AMCP 706-117

Response

Correlation

Pollutant Measurement Ranage, ini Ti Flow rate,  coefficient  Approx. Remarks
Yanufacturer Mode measured principle opn cii%eer??rgaﬁ?on ;:;z’ Titers/min of calibra-  Cost, $*
tion data
Beckman Instrument Co. 910 Nﬂz coulometric. 0-1.9 030 5.8 0.15 0.843 3,200 interference
2500 Harbor Blvd. from ND
Fullerton, Calif. 92634
Thermo Electron Corn. 10 Nn cheriluminescent  0-71,0 0.007 0.42 0.4 0.990 7,250
85 First Avenue NOX
Waltham. Yass. 02154
Aerochem Pesearch ND chemiluminescent  0-0.5 0.011 0.25 0.01 0.996 8,000
Laboratories, Inc. {esti-
Princeton, N.J. mated
for
produc-
tion
model)
Beckman Instrument Co. 909 4N coulometrc 0-1.0 0.03 13.20 0.15 0.824 3,200
Technician Controls, Air n colorimetric 0-0.5 0.012 59 0.51 0.947 5240
Inc. monitor *
Tarrytown, NY. 10502 v
Mast Oevelooment Co 0, coulometric 0-0.5 0.005 3.7 0.14 0.993 950 negative
interferences
from reducing
agents such
as 502
Beckman Instrument, Co. 908 0‘ coulometric 0-0.5 0.012 58 0.15 0.963 2.995
Power Desians 1562 THC Flame ionization  0-20 0.13 0.8 0.03 0.999 4,000 minimal
Pacific detector (FID) interferences
Beckman Instrumenta- 6800 ™ Gr-FID 0-10 25 0.01 0.967 8,000
tion W] 0-20 -0.117
CH4 0-5 -0.993
Mine Safety Appli- 200LIRA o NDIR 0-100 1.0 1.50 0.852 4,000
ances Co.
201 N. Braddock Ave.
Pittsburqh, Pa.
Pollution Monitors. Inc. S0 colorimetric 0-0.5 002 8.40 1.00 0.070 1,980
Chicago, 111. 60614
Phillips, Inc. coulometric 0-0.2 0.004 31 0.15 0.994 5,250 minimal
Eindhoven, Netherlands interferences
{U.S. Representative)
Beckman Instrument Co. 906A coulometric 0-0.5 0.011 4.40 0.15 0.990 2,750
Leeds & Northrup 7880 502 conductimetric 0-0.5 0.012 4.00 2.36 0.957 2870
Sumnevtown Pike
North Wales, Pa. 19454
Melpar LL-1100-1R 802 FPO 0-1.0 0.005 1.1 0.20 0.413 3,750 Responds to
An Ameri can-Standard all volatile
Companv sulfur com-
7700 Arlinnton Rlvd. pounds. S0
Falls Church, Va. 22048 usually
accounts for
over 90%of
gaseous sul-
fur in air.
Tracor, Inc. 250¢ %02 GC-7"D 0-1.0 0.006 3.0 0.01 0.805 4,000
6500 Tracor Lane hos 0.008 0.540
Austin, Texas 78721 2

*In late 1972
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oxide and ozone as described in par. 2-6.1(6) (sce Fig.
2-25) is capable of measuring nitric oxide and total
nitrogen oxides (i.e., nitrogen dioxide reduced catalyti-
cally to nitric oxide and total nitrogen oxide, and meas-
ured with nitric oxide to give total nitrogen oxides).
Nitrogen dioxide is then determined by taking the differ-
ence between the two values. This chemiluminescent
method will probably replace the Jacobs-Hochheiser
method as the reference method for monitoring nitrogen
dioxide.

2-6.4 INSTRUMENTATION

With the great number of monitoring instruments
commercially available, the selection of a particular
instrument for specific applications can be difficult. In
order to sclect the most appropriate analyzer, the user
must know the operational characteristics for each
instrument. Suggested performance specifications for
automatic monitors for sulfur dioxide, carbon mon-
oxide, photochemical oxidants, nitrogen dioxide, and
nonmethane hydrocarbons are given in Table 2-19 (Ref.
33). Since all of the specifications may not be required
in all monitoring situations, the user must select the ones
important to his application. The specifications shown
are realistic and can be met by instruments that are
currentlv available.

() poliutans monitors—gases. A great number of
companies manufacture air pollution measuring instru-
ments. For example, in preparation for an evaluation
study of sulfur dioxide instruments, a survey in April
(0 1967 showed that 16 monitors were commercially
available (Ref, 37). Undoubtedly, many more are now
on the market. Many of these instruments have not
been collaboratively tested and, even if test data were
available, modifications and new techniques being in-
troduced continually make it imperative that the very
latest performance data be evaluated before purchasing
an instrument.

Operational data on many of the sulfur dioxide in-
struments can be gained from a laboratory and field
evaluation conducted by Rhodes, et al. (Refs. 37,38).
Twelve sulfur dioxide instruments using coulometry,
conductivity, and colorimetry detection methods were
evaluated from September 1967through February 1968.
A comparison of the different instruments showed that
correlation coefficients ranged from a maximum of
0.96 to a minimum of 0.40. Downtime varied from 0.0
to 30.3 percent of total operating time; total estimated
monthly cost of reagents, clectrical power, and chart
paper ranged from $6.00 to $21.00; and unattended
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operation performance varied from | to 8 days. Also,
operational data such as calibration drift, sensitivity,
interferences, and operating range vary between instru-
ments as well as between detection principles. With
these differences in instrument performance, the im-
portance of studying the results of evaluation tests,
when they exist, before sclecting an instrument is
readily seen.

A more recent field evaluation of ambient air moni-
toring instruments involved instruments for measuring
sulfur dioxide, ozone, oxidants, nitric oxide, nitrogen
dioxide, hydrogen sulfide, methane, carbon monoxide,
total hydrocarbon, cthylene, and acetylene (Ref. 39).
These instruments are identified by manufacturer and
detection principle in Table 2-18. For this evaluation
program the instruments were placed n a mobile
laboratory and operated for a 3-mo period in Los An-
geles, followed by a 6-mo period in St. Louis. Approxi-
mately 30 instruments were included in the evaluation.
Operational type data on some of the instruments tested
are given in the table. These data should be represen-
tative of what can be achieved by field monitoring in-
struments insofar as sensitivity, range, and calibration
drift are concerned. An indication of the price range for
each instrument is included. Calibration data for the test
period were used to determine a single linear regression
estimate of the calibration curve for each instrument.
The correlation coefficient as listed in column 9 of Table
2-18 can be used as an indication of the long-term sta-

bility of that instrument. The higher the value, the
greater the stability. Instruments having correlation
coefficients greater than about 0.990 show VCIY little
drift between calibrations while values below about 0.95

show considerable drift.

(2) Pollutant monitors—particulates. Commercial
equipment for measuring suspended particulate matter
is given in Table 2-20. Evaluation data were not availa-
ble on any of these instruments. The list is not all
inclusive and the omission of any manufacturer of this
type equipment is not intentional.

2-7 EFFECTS OF ATMOSPHERIC
POLLUTANTS ON MATERIALS

A majority of the data on the effects of air pollutants
on materials has been derived from outside exposure
studies. For example, most data on metals show the
rate of corrosion associated with the general types of
atmospheres such as marine, rural, and industrial. In
most cases time-varying mixtures of several pollutants
were present, making it difficult to ascertain the effects
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TABLE 2-19.

SUGGESTED PERFORMANCE SPECIFICATIONS FOR

AUTOMATIC MONITORS

Specification

I

Pol 1utants

Sulfur dioxide Carbon monoxide Photo_chemi*ca1 Nitrogen dioxide| Hydrocarbons (CH,)
oxidant 4
3 3 3 3 3
Range 0-2620 pg/m 0-58 mg/m 0-880 ug/m 0-1880 ug/m 0-16 mg/m
(0-1 ppm) (0-50 ppm) (0-0.5 ppm) (0-1 ppm) (0-25 pom)
Minimum detectable 26 ug/m3 0.6 mg/m3 18 ug/m3 188 ug/m3 0.16 mg/m3
sensitivity (0.01 ppm) (0.5 ppm) (0.01 ppm) (0.1 ppm) (0.25 ppm)
Rise time, 90% 5 min 5 min 5 min 5 min 5 min
Fall time, 90% 5 min 5 min 5 min 5 min 5 min

Zero drift + 1%per day and |+ 1%per day and | *+ 1%per day and i 1%per day and | + 1%per day and
+ 2%per 3 days i+ 2%per 3 days + 2%per 3 days _i_ 2%per 3 days + 2%per 3 days

Span drift + 1%per day and |* 1%per day and | + 1%per day and | £ 1%per day and | + 1%per day and
+ 2%per 3 days |* 2%per 3 days t 2% per 3 days + 2%per 3 days + 2%per 3 days

Precision + 2% 4% + 4% + 4% + 4%

Operation period 3 days 3 days 3 days 3 days 3 days

Noise + 0.5% (full + 0.5% (full 1 0.5% (full + 0.5% (full + 0.5% (full scale)
scale) scale) scale) scale)
3
Interference 26 ug/m 1.1 mg/m3 20 ug/m3 19 u9/m3 n.32 mq/m3
equivalent (0.01 ppm) (1 ppm) (0.01 ppm) (0.01 pom) (0.5 ppm)
Operatina tempera- | 5 deg C + 5deg C +5deg C + 5 deg C + 5 deg C

ture fluctuation

Lineari ty

2% (full scale)

2% (full scale)

2% (full scale)

2% (full scale)

2% (full scale)

*Corrected for NO2
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TABLE 2-19 (Continued). SUGGESTED PERFORMANCE SPECIFICATIONS
FOR AUTOMATIC MONITORS

Specification definitions

Range: The minimum and maximum measurement limits.

Miminum detectable sensitivity: The smallest amount of input concentration which can be detected as concentra-
tion approaches zero.

Rise time 90 percent: The interval between initial response time and time to 90 percent response after a step
increase in inlet concentration.

Fall time 90 percent: The interval between initial response time and time to 90 percent response after a step
decrease in inlet concentration.

Zero drift: The change in instrument output over a stated period of unadjusted continuous operation, when the
input concentration is zero.

Span drift: The chanage in instrument output over a stated period of unadjusted continuous operation, when the
input concentration is a stated upscale value.

Precision: The deqree of aqreement between repeated measurements of the same concentration (which shall be the
midpoint of the stated range) expressed as the average deviation of the single results from the mean.

Operation period: The period of time over which the instrument can be expected to be operated unattended within
specifications .

Noise: Spontaneous deviation from a mean output not caused by input concentration changes.

Interference equivalent: The portion of indicated concentration due to the total of the interferences commonly
found in ambient air.

Operating temperature fluctuations: The temperature range over which stated specifications will be met.

Linearity: The maximum deviation between an actual instrument reading and the reading predicted by a straight
line drawn between upper and lower calibration points.

L1L1-90L dOWV
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TABLE 2-20. COMMERCIAL EQUIPMENT FOR MEASURING SUSPENDED PARTICULATES
Pollutant Measurement  Approx.

Manufacturer and address measured principle Cost $* Remarks
Gelman Instrument Co. Soi ling Tape 1,000 With reader
P.0. Box 1448 sampler & recorder
Amn Arbor, Mich. 48106
Instrument Development Co. " Tape 400 -  Without
1916 Newton Square So. sampler reader &
Reston, Va 22070 recorder
Research Appliance Co. " Tape 750  With reader
Route 8 & Craighead Road sampler & recorder
Allison Park, 15101
Gelman Instrument Co. Suspended  Filtration 500  With flow
P.0. Box 1448 particu- recorder
Ann Arbor, Mich. 48106 lates
General Metal Works ! ! 350
Air Samplinq Equipment
Cleves, Ohio 45002
Research Appliance Co. " " 398  With flow
Route 8 & Craishead Road recorder
Allison Park, Pa. 15101
The Staplex Co. ! ! 150  Without
774 5th Ave. flow
Brooklyn , N.Y. 11232 recorder

*In late 1972

due to one individual pollutant. Some materials are
attacked by more than one pollutant; several pollutants
exhibit synergistic effects on materials. For these rea-
sons, effects on materials by atmospheric pollutants
will be discussed for a material or class of materials
rather than for the individual or class of pollutants.
Further information on effects is found in Chaps. 11and
12 of Part Two of this handbook series which deal with
salt and ozone, respectively.

Table 221 (Ref. 28) summarizes the chemical resist-
ance of materials to air pollutants. Some of the tabu-
lated information is substantiated in the literatureand
will be discussed later; however, some of the informa-
tion is only expert opinion. The resistance of the
material to a given pollutant is rated as excellent (E),
good (G), fair (F), or poor (P). These pollutants are
organics, nitrogen oxides, sulfur oxides, particulates,

and a scparate group consisting of carbon oxides, am-
monia, hydrogen chloride, and hydrogen sulfide.

As seen from the table, more materials have poorer
resistance to sulfur oxides and particulate pollutants
than to all other pollutants combined. Nearly all of the
materials have good or excellent chemical resistance to
nitrogen oxides. Several materials show poor or fair
chemical resistance to organic pollutants. Only five ma-
terials show poor chemical resistance to the combined
group of carbon oxides, ammonia, hydrogen chloride,
and hydrogen sulfide; however, 12 are rated as fair.

2-71 MECHANISMS OF DETERIORATION

Yocom and McCaldin proposed the following five
mechanisms by which air pollutants damage materials
(Ref. 7.
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TABLE 2-21. CHEMICAL RESISTANCE OF MATERIALS TO POLLUTANTS™
Pollutant** . Pollutant**
Material Material
: ONSCP ONSCP
Ferrous Plastic, rubber
Gray iron FEPFP Synthetic rubber PG G EP
Mal1eable iron G EFFF Natural rubber P G F EP
Alloy steel G EP PP Polyethylene G GG E G
Carbon steel G EPPF Polystyrene P EETEP
Stainless steel EEETFF Polyvinylchloride | P G E E P
Phenolics F GEEFP
N‘}{}ff,i{-,‘,’]ﬂ,f, GEFGG Polypropylene G G EEF
Brass, bronze EEFPP Urea and melamine| E G G E P
Chromium EEGG G Poiyesters FGGEP
Copper G E P P P ACY‘ HCS P G G E P
Gold EEEGG ABS . FGPEP
Magnesium GEFGG Cellulosics FGGGP
Molybdenum EEGGG Epoxies E GEEFP
Lead GEEGTF Acetate G GFFP
Nickel EEFFE Nylons GGPFG
Tin EEPF F Fibers
Sitver EEPFF Cotton G GPFP
Zinc FEPTFP woo 1 E G F E F
Stone, clay, glass Rayon FGPFP
Building stone GEPGF Acetate PGPGP
Building brick GEGGFTF Acrylics PGEETFP
Cement, concrete G EP GG Nylons GFPGP
Glass EEEGE Polyester P GG G P
Carbon, graphite EEETETE Polyolefins PFEGP
Other materials
Wood GGFFEF
Paper G EPGF
Leather G GPGF
Bituminous material§ G G E G G
Finishes, coatings
Paint GGFPP
" E=excellent, G = good, F = fair, P = poor o

(1) Abrasion. Solid particles of sufficient size that
are moving at high velocities can cause destructive
abrasion when striking an object. Abrasive damage is
also caused by particles lodged between moving sur-
faces as in a bearing assembly.

(2) Deposition and removal. Solid and liquid parti-
cles settling on material have a soiling effect and, al-
though there may be no chemical interaction with the
material, deterioration results from increased fre-
quency of cleaning.

264

(3) Direct chemical attack Some air pollutants are
chemically active and react directly and irreversibly
with materials. The tarnishing of silver by hydrogen
sulfide and the etching of metals by acid mists are
examples.

(4) Indirect chemical attack Certain materials ab-
sorb pollutants and are damaged when the pollutants
undergo chemical changes. For example, sulfurdioxide
when absorbed by leather is converted to sulfuric acid
that deteriorates the leather.
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FIGURE 2-:32. Typical Flow Diagram of a GC—FID
Hydrocarbon Monitor

(5) Electrochemical corrosion. An electrochemical
process is believed responsible for the initial rusting of
steel in the atmosphere. The settling of particulate mat-
ter on a steel or any ferrous metal surface can create
small electrochemical cells. The electrolyte may form
from water and natural or pollutant ions scavenged
from the atmosphere. An electric current results, i.e.,
metal goes into solution at the anode and hydrogen is
deposited at the cathode, when a difference in potential
exists between any two surfaces contacting the elec-
trolyte. Surface potential differences between two met-
als or two arcas of a metal surface can provide the
driving potential for the corrosive action.

FACTORS THAT INFLUENCE
ATMOSPHERIC DETERIORATION

2-7.2

The severity with which atmospheric pollutants at-
tack materials will in general vary with the locale and
the season. The rate of attack is influenced by the rela-
tive humidity, the extent of industrial pollution, the
quantity and frequency of rainfall, air movement char-
acteristics, the frequency of occurrence and duration of
fog, the proximity to the sea, the amount of solar radia-
tion, and temperature ranges.

(1)Moisture. There would be very little, if any, at-
mospheric corrosion even in the most severely polluted
environments without moisture (Ref, 7). Most metals
have a critical relative humidity threshold below which

the rate of corrosion is very slow but when exceeded
produces a rapid rise in the rate of corrosion. Rain can
increase the corrosion rate of some metals while it de-
creases that of others. By washing the surface of a
specimen, rain can remove corrosive pollutants that have
collected on the surface, thus reducing the corrosion
rate. In other cases it can remove soluble corrosion
products that had been protecting the metal against
further corrosion. Fogs and dews are, in general, dam-
aging because they have no washing effect on the surface
but rather form surface films of moisture which absorb
pollutants from the atmosphere.

(2) Temperature. Temperature influences the rate
of those chemical reactions that cause material deterio-
ration. The temperature also determines the rate of
drying or the length of time that a surface remains wet.
During an atmospheric temperature inversion, exposed
objects, especially metals, lose heat rapidly and cool to
temperatures below that of the ambient air. If their
surface temperature falls below the dewpoint, the sur-
face becomes moist and, in the presence of corrosive
pollutants whose concentrations are increasing due to
the temperature inversion, creates a situation condu-
cive to material damage (Ref. 3).

(3) Solar radiation. Sunlight energy is an important
clement in the nitrogen dioxide photolytic cycle in
which damaging agents such as ozone and hydrocarbon
free radicals are formed in a series of complex photo-

chemical reactions in the atmosphere (Ref. 11).
(4) Air movement. Air movement serves to disperse
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pollutants throughout the atmosphere. Airspeed and
atmospheric turbulence determine the residence time of
airborne particulate matter, the deposition site, i.e.,
whether it impacts on vertical surfaces or settles as
dustfall on horizontal surfaces, and, for solid particles,
the extent of abrasion (Ref. 7). Periods of low wind-
speeds are often associated with temperature inver-
sions. In areas such as Los Angeles, high concentra-
tions of atmospheric pollutants build up because of the
lack of mixing or turbulent air currents in the inversion
layer. Wind direction can be the most important varia-
ble, especially if the emissions are from one major
source.

2-7.3 METHODS OF MEASURING MATERIAL

DETERIORATION

In order to provide quantitative measures of material
deterioration resulting from air pollutants, methods
have been developed for different classes of materials.
These methods, described in the following subpara-
graphs, are sometimes employed as an approximate
measure of the integrated pollutant concentration dur-
ing the period of exposure.

(1) Metals. Many methods have been used to evalu-
ate the results of corrosion tests. They include appear-
ance ratings, weight losses, weight gains, pit depths,
and losses in strength (Ref. 40). Most corrosion data
are presented as weight gain or loss. In tests of short
duration, a metal sample will gain weight due to the
formation of corrosion products. However, weight
gains are not completely satisfactory for quantitative
purposes because some of the corrosion products may
be separated from the specimen. In any case weight
gains should be supplemented with an analysis of the
corrosion products.

Weight-loss measurements are usually preferred fur
test periods of long duration. For this measurement a
clean, weighed sample is exposed for a period of time,
then cleaned and reweighed. The loss in weight repre-
sents the corrosion that has occurred. The usual units
arc milligrams of weight loss per square decimeter of
surface per day or for the period of the test
(mg/dm?/day). Some data obtained as weight loss are
converted to and reported as loss of metal thickness in
mils per year. Bending, tension, fatigue, impact, and
clectrical resistance measurements are also used in spe-
cial purpose tests. For example,the electrical resistance
across a set of points is used as a measure of the damage
caused by air pollutants to electrical contact materials
(Ref. 41).
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(2) Fabrics. The primary means of sample evalua-
tion for textiles is to measure the loss in tensile strength.
This may be reported as percent breaking strength re-
tained (Ref. 42). Also, for undyed samples the degree
of soiling can be determined by reflectance measure-
ments. For materials such as knits, a test of tensile
strength of a sample does not subject fibers to straight-
line tension: therefore, damage is usually measured
visually. In a study conducted to determine the damage
to nylon hose by sulfur dioxide and sulfur trioxide, the
exposed stockings were stretched over invertedjars and
microscopically examined for fiber breaks (Ref. 7).

(3) Dyes. Some dyed fabrics display a pronounced
color change when exposed to polluted environments
containing above-average concentrations of ozone, ni-
trogen oxides, or both. The color change is evaluated
by means of specially designed colorimetersthat detect
small changes of color within narrow ranges of the
visible spectrum.

(4) Building materials. 1t is generally agreed that
sulfur dioxide does attack building stone but no care-
fully planned exposure tests comparable to those for
metals have been conducted (Ref. 28). The usual
method of evaluating damage to stone and mortar by
atmospheric pollutants is to visually note the discolora-
tion and loss of material due to leaching over a period
of years. Also, the settling of particulate matter such as
soot on the walls of buildings can be evaluated visually
by comparing photographs of a building before and
after cleaning.

(5) Other materials. The measurement of damage to
lead-based paint from hydrogen sulfide is usually ac-
complished by observing the color change or darkening
of the paint. Quantitative data are usually derived from
exposure chamber tests using simulated polluted at-
mospheres because hydrogen sulfide tends to produce
a mottled effect in actual outdoor exposures making it
difficult to evaluate the color change of the paint (Ref.
). The weakening of leather and embrittlement of pa-
per caused by sulfur dioxide have been observed but
have not been quantitatively measured.

2-7.4 MATERIALS DAMAGE

2-7.41 Ferrous Metals

The electrochemical theory of corrosion is used to
explain the initiation of atmospheric corrosion on fer-
rous surfaces (Ref. 43). However, once the first rust has
formed, the mechanisms and rates of further corrosion
become very complex. For example, when iron remains



dry for an appreciable time, a protective oxide film is
formed which greatly reduces the rate of corrosion.
Controlled laboratory tests have shown that the air-
developed film protects iron from corrosion in clean air
at relative humidities as high as 99 percent. If, however,
the film is exposed to 0.01 percent or more of sulfur
dioxide at this high relative humidity, corrosion occurs.
Also, once the oxide film has been exposed to sulfur
dioxide, it no longer protects the surface against corro-
sion in clean air at relative humidities of 80 percent and
above.

A few secondsexposureto air is all that is needed for
a 'stainless' chromium steel to develop an invisible ox-
ide film on its surface which renders it inert to most
atmospheric pollutants. Parts made of stainless steel
located on the Empire State Building have been ex-
posed for 30 yr with no loss of utility or beauty due to
corrosion (Ref. 28).

Low carbon (0.019 percent) low copper (0.028 per-
cent) mild steel, because of its sensitivity to atmos-
pheric corrosion, has been used in atmospheric corro-
sion studies (Ref. 44). Results from the tests show good
correlation between corrosion losses and sulfur dioxide
concentrations, and little if any correlation between
corrosion losses and dustfall or suspended particulate
matter. Fig. 2-33 shows corrosion loss as a function of
sulfur dioxide concentrations. A regression analysis of
these data yields the relationship:

Y=541S+9.5 (2-21)

where
Y = corrosion weight loss, grams
per hundred grams of panel (4
X 6 X 0.035in.)
' S = mean sulfur dioxide
concentration, ppm

The regression coefficient was statistically significant
at the l-percent level. Suspended particulate matter
measurements were made and analyzed for their con-
tribution to the corrosion loss. Statistical analyses
showed that the influence of sulfur dioxide was signifi-
cant whereas that of suspended particulate matter was
not. Dustfall measurements did not show a statistically
significant correlation with corrosion rates.

Results from other laboratory and field studies indi-
cate that particulate matter can be an important factor
in the corrosion of metals, especially in the presence of
sulfur dioxide.

The critical relative humidity for corrosion of ferrous
metals is between 70 and 80 percent. The corrosionrate
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FIGURE 2-33. Relationship Between Corrosion of
Mild Steel and Corresponding Mean Sulfur Dioxide
Concentration for Varying Length Exposure Periods

is relatively slow for humidities lower than 70 percent
but accelerates markedly for values above approxi-
mately 80 percent. Laboratory studies using bare and
varnished steel panels that were treated with a combi-
nation of various powdered oxides, salts, and dusts and
then exposed to atmospheres of pure clean air and air
containing sulfur dioxide (very low concentration but
not specified) at various humidities produced the fol-
lowing results (Ref. 13):

(1) Filiform corrosion, characterized by a filamen-
tal configuration, the primary phase in electrolytic cor-
rosion, was noted in all cases.

(2) For relative humidities less than about 70 per-
cent, corrosion rates are low but increase at higher
humidities.

(3) The addition of traces of sulfur dioxide to the
test atmospheres greatly increased the rate of corrosion
in all instances.

(4) In most cases corrosion increased with an in-
crease in relative humidity even in clean air.

Analysisof exposure data for carbon steel showsthat
increasing the level of oxidants actually retards the rate
of corrosion (Ref. 45). Fig. 2-34 shows the relationship
between corrosion rate, sulfur dioxide concentration,
and oxidant concentration. The ability of oxidants to
decreasethe corrosion rate can be caused (1) by inhibit-
ing the mechanism or (2) by improving the protective-
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FIGURE 2-34. Effects of Sulfur Dioxide and Oxidant
Concentrations of Depth of Corrosion of Carbon Steel

Exposed for 10 yr

ness of the rust film. The corrosion rate is proportional
to the sulfate accumulation in the oxide film. Such
accumulation occurs when the iron oxides react with
sulfur dioxide to form sulfates. If oxidants remove the
sulfur dioxide from the reaction by oxidizingit to sulfur
trioxide, then the rate of corrosion should decrease,
thus explaining the data. Also, the protectivenessof the
oxide film is increased by oxidizing ferrous oxide and
magnetite to the more protective ferric oxide.

2-7.4.2 Nonferrous Metals

The nonferrous metals, as with the ferrous metals,
are affected primarily by the presence of sulfur dioxide.
The reactions involved in the effects are dependent on
the specific metals as is the degree of damage. The more
common of these metals are discussed in the following
subparagraphs:

(1) Zinc. Zinc is used in galvanizing to protect fer-
rous metals from atmospheric corrosion but is itself
subject to corrosion under certain conditions. The two
variables most important in determining the amount of
corrosion are relative humidity and atmospheric sulfur
dioxide concentration.

Special high-grade commercial zinc (99.9 percent
pure) panels were exposed at eight rural and eight ur-
ban sites for periods of 4, 8, 16, 32, and 64 mo (Ref. 46).
Weight-loss data, measured as grams per panel, were
converted to corrosion rates in micrometers per year.
Sulfur dioxide concentrations and relative humidity
were monitored for the duration of the test. The rela-
tionship among rate of corrosion, relative humidity,
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and sulfur dioxide concentration as determined from
the study is given by

¥ = 0.001028(RH - 48.8)S0,, um yr!
(2-22)

where
y = zinc corrosion rate, um yr !
RH = average relative humidity, %
80, = average SO, concentration, ug m™>

These results are graphically presented in Fig. 2-35.
Eq. 2-22 accounts for 92 percent of the variability in the
average zinc corrosion rates. The critical relative hu-
midity for zinc in sulfur dioxide free air is approxi-
mately 70 percent; however, as Eq. 2-22 indicates, in
the presence of sulfur dioxide, the surface will be wet
and corrosion will occur at relative humidities down to
approximately 49 percent. The results of the study were
used to predict the useful life of galvanized products in
different types of environments (sce Table 2-22).

Nickel-brass wire springs used in telephone relays
have been damaged by high nitrate concentrations in
airborne dust (Ref. 8). Nickel-brass wires, under mod-
erate stress and with a positive electrical potential, suf-
fer a form of stress-corrosion cracking when surface
nitrate concentrations are above 24 ug cm™? and when
the relative humidity is above 50 percent. The relative
humidity is an important controlling factor. When zinc
is left out of the nickel-brass alloy, stress corrosion no
longer occurs.

(2) Copperand silver. Copper and copper alloys—in
the absence of hydrogen sulfide and sulfur dioxide--
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